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Abstract 
 
In the aerospace industry, lightweight composite constructions are used more and 
more during the last decades. Novel airplanes like the Airbus A350 or the Boeing 787 
contain a high share of composite material. The production costs for composite 
structures are currently on a high cost level, and it is required to decrease these. With 
the increased energy costs, the demand for energy efficient aircrafts is rising. For the 
next generation of aircrafts, lighter structures compared to the state of art are required. 
Highly integrated composite structures, produced in a co-curing process, offer the 
highest technical performance level and no additional fastener elements are required to 
improve the aerodynamic. Currently, there is a trade-off between two requirements. 
This research is focused on the question if it is possible to produce highly integrated 
CFRP structures on a cost competitive basis to the state of the art process.  
In this thesis, an industrial production line for highly integrated box structures has been 
developed. This concept has been validated with production tests. All results are 
integrated into a simulation model. The simulation is linked to parameters, which can 
be updated easily. Using this simulation model, a comparison of the developed concept 
to the state of the art manufacturing is done. The additional manufacturing effort for 
highly integrated structures can be evaluated. 
An assembly line based on a new build philosophy is then created. The advantage of a 
highly integrated structure in the assembly is analysed, and an improved assembly 
concept is developed. A digital factory simulation model is created for this developed 
concept. The simulation model is linked to parameter to allow an easy update of the 
model. The results are compared to the current state of the art assembly line to 
evaluate the saving potential in the assembly due to the high integration level of the 
single parts and the improved assembly line. 
Having the investigation results of assembly and manufacturing allows comparing the 
new concept-designed production line with that of the current state of the art 
production. The analysis results suggest that the developed combined assembly and 
manufacturing concept provide a potential cost saving of 12.5% in comparison to the 
state of the art production of composite box structures.  
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1.1 MOTIVATION FOR RESEARCH 
In the aerospace industry, lightweight composite constructions are used more and 
more during the last decades. Initially, the research and development of composite 
materials was restricted to non-structural applications (secondary structures). In the 
mid -1950s, the first secondary aircraft structures were produced with fiber-reinforced 
materials. In the early 1980s, Carbon Fiber Reinforced Plastics (CFRP) were 
introduced in the primary structure of the civil aerospace sector. Primary structure is an 
acronym for all essential, load-bearing components of an aircraft, such as the vertical 
tail plane, the wing, or the fuselage. Moveable control systems including spoilers, 
elevators, and the rudder were produced using CFRP [1]. The share of composite parts 
in the aircraft industry has been rising for over 30 years as shown in Figure 1.  
 
 
Figure 1: Composite percentage of structural weight in commercial aircraft industry [2] 
The use of advanced composites in aircraft structures has the potential to decrease the 
structural weight. Weight savings are possible because of the high stiffness-to-density 
and the high strength-to-density ratios of composites [3]. The composite weight of an 
A320 is totalled to around 15% of the structural weight [4]. The composite percentage 
of structural weight of a Boeing 787 is 50%, and for the Airbus A350 it is 53% [5]. With 
the increased fuel prices, the requirement for lighter aircraft structures is growing. 
Airbus is aiming to reduce the structural weight by 15% to achieve a CO2 saving of five 
percent [6]. Other aircraft manufacturers are also trying to reduce the weight and 
decrease the production costs [7]. 
 
 
 
Introduction 
 
   3 
 
For the next decades, an increasing demand for aircrafts is forecasted [8]. Therefore, 
the production rate for composite box structures will increase to satisfy the growing 
aircraft demand. The high amount of composite material in the primary structure has 
already caused a lot of challenges in the serial production. The Boeing 787 had a major 
delay in the delivery of the first new aircrafts. Also, there is a high risk that the A350 will 
be delivered later as expected [9]. The next aircraft generation after the A350 is the 
A30X. The A30X airplane will replace the successful A320 family which is currently 
produced at a high production rate with only a small share of composites in the primary 
structure. For the A30X, a significant higher amount of composite share in the primary 
structure is focused. Large composite structures have to be produced in a high 
production rate in the future. 
Furthermore, high efficient lightweight structures are required to save weight and fuel. 
One approach to reduce the weight of the composite components is the use of the co-
curing technology to manufacture highly integrated structures [10]. Stiffener elements 
like stringers or rib attachment angles can be integrated to the skin in one 
manufacturing step. It is recommended to consider co-curing technologies as much as 
possible for future composite structures [11]. On the one hand, highly integrated 
composite structures, produced in a co-curing process, offer the highest technical 
performance level and no additional fastener elements are required [12]. Because of 
the high integration level, the number of required assembly operations can be reduced. 
On the other hand, this technology requires a high number of tooling, and it is a 
complex process [7]. One main research field in order to improve the energy efficiency 
of airplanes is the use of laminar flow for the wings. A flight test with a laminar wing 
demonstrator is planned in 2014 using an Airbus 340 [13]. To realize a possible laminar 
flow, structures without any additional fasteners are required [14]. Therefore, highly 
integrated structures in a co-curing process for the next aircraft generation are needed.  
There are experiences using the co-curing technology for large structures in a high 
production sequence. As part of the A310’s primary structure, Airbus produced the first 
complete Vertical Tail Plane (VTP) out of CFRP in 1983. From 1983 until 1998, 
composite shells for vertical tail planes were manufactured in a complex co-curing 
process with integrated longitudinal stiffener elements and rib attachment angles [15]. 
The production process has been changed in 1998 based on procurement reasons. 
The costs and effort for the manufacturing process of highly integrated structures in the 
vertical tail plane production were too high [16]. The highly integrated structure was 
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split up and so the process changed from a co-curing to a co-bonding process. The 
stiffener elements like stringers are produced and cured in advance. The cured 
stringers are integrated to the uncured “wet” skin and cured together in the autoclave. 
The rib attachment angles are riveted to the skin afterwards. By this change in 
manufacturing, the effort decreases significantly, but also the technical performance of 
the composite structure decreases. Therefore, there is less weight saving potential. 
Also, there is a higher assembly effort. Additional assembly operations for the 
installation of rib attachment angles are required. Because of this change, the overall 
production cost could be reduced significantly as shown in Figure 2. Manufactured 
composite parts in a co-curing process are often described as “Black Aluminium”. This 
means that the configuration and the design of the composite details are similar to the 
traditional metal parts. The assembly methods for the individual components into the 
final structure are almost identical [17].  
 
 
Figure 2: Change of modular build concept to the state of the art process 
 
Although there is not much technical performance improvement potential, the current 
production method is appropriate for a high production rate. The co-curing technology 
of highly integrated structures has a lot of lightweight potential, but it is not yet 
appropriate for a high production rate [18]. Currently, there is a trade-off between two 
requirements. Consequently, an industrial concept for the manufacturing process of 
highly integrated structures at a high production rate as well smart assembly 
approaches are needed to satisfy the future demands of efficient and cost competitive 
aircraft structures. 
In this thesis, the possibility to produce highly integrated composite structures on a cost 
competitive basis compared to the current production process will be investigated. The 
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effort for the manufacturing of the highly integrated structures will be investigated and a 
highly automated concept will be developed.  
Is it possible to produce a composite box with highly integrated shells on a cost 
competitive level to state of the art technologies? These structures would offer a higher 
technical performance compared to the current structures as shown in Figure 3. 
 
 
 
Figure 3: Possible potentials when changing the current production concept 
The weight advantages of a co-cured structure compared to a conventional design 
have been investigated and proved in other studies [19]. In further research projects, 
the feasibility of large co-cured-structures has been shown successfully [20], and 
manufacturing methods have been investigated on a small scale [21]. From 1983 till 
1987, a complete automated manufacturing line to produce co-cured composite shells 
has been investigated and realized in a workshop [22]. Because of the low production 
rate of airplanes 30 years ago, no successful business case for the invention in the 
serial production was possible. Although the manufacturing was not successful, the 
feasibility of the automated process has been shown. With 30 years development, 
higher production rates and the improvement of the robot and simulation technology, 
new justification for an automated process are given. In this thesis, a whole production 
line for producing large composite components in a co-cured build concept will be 
developed by means of the experiences of the composite box manufacturing of aircraft 
manufacturer. These experiences are a main advantage in the investigation. The co-
curing techniques to produce aircraft components are kept secret in most companies 
and only few researchers have explored them [3]. 
According to the manufacturing aspect, the assembly part to produce a composite box 
will be investigated. The advantages in the assembly because of the high integration 
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level of the shells will be considered. Instead of the classic box design of the vertical 
tail planes or the wing structures [23], an innovative approach, which is adopted from a 
current research project [24], will be used for the improvement of the assembly. With 
modern simulation techniques and smart production strategies, a case study will be 
performed to investigate if the co-cured composite parts assembled in a changed build 
concept have the potential to satisfy the needs of the aircraft industry in the future. Is it 
possible to have a low cost production of composite boxes and meanwhile an increase 
of the technical performance to save weight? 
 
This thesis is structured into five chapters. In the introduction chapter, the state of the 
art technology is explained in detail. In the manufacturing chapter (chapter 2), an 
overall production concept for highly integrated composite shells will be developed. 
Critical processes for the industrial application of a highly automated production line for 
composite shells will be identified. A concept for one critical process step will then be 
created and validated in manufacturing trials. Based on the results of a simulation 
model for the production concept, the lead time and production costs will be estimated 
and compared to other production strategies. In the third chapter of this thesis, the 
assembly part for composite boxes is investigated. The problems in the state of the art 
assembly process will be explained. The reduction of required assembly operations 
caused by the high integration level of the single part will be shown. Based on a new 
build concept, a production line will be designed, focused on low cost tooling and smart 
tolerance changes. A simulation model for this production line will be created and lead 
time estimations and cost analysis can be performed. In chapter four, all results will be 
combined and compared to the state of the art processes to prove if it is possible to 
build composite components with a higher technical performance at the same cost 
level like current composite structures. The simulations models will be created based 
on process parameters. Because of the parametric simulation model for the production 
line, this model can be applied and improved in future research works. Finally, a short 
outlook and recommended next research steps are shown in chapter five. 
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1.2 STATE OF THE ART  
1.2.1 Composite material 
 
Composite materials combine at least two different materials. These materials have 
different chemical and/ or physical properties. Fiber reinforced polymers (FRP) are the 
most commonly used lightweight materials in the aircraft sector. FRP materials include 
two different components, resin matrix and fibers [25]. 
The fiber has two main tasks: 
1. Stiffness of the laminate 
2. Strength of the laminate 
The fibers have a high stiffness and distribute high tensile loads. The reinforcing phase 
provides mechanical strength and stiffness. The Fiber Volume Fraction (FVF) of fiber-
reinforced materials is usually about 50 % [25]. High performance composites have a 
higher FVF of up to 65 %. The single fibers like carbon, glass, or aramid have small 
diameters of a few μm. Because of this small diameter, there is a reduction of surface 
defects. The result is an increase in strength. In the aerospace industry, mainly carbon 
fibers are used for composite material. Carbon fiber is defined as a fiber containing at 
least 92 wt % carbon, while the fiber containing at least 99 wt % carbon is usually 
called a graphite fiber [26]. The fiber orientation should be equal to the direction of the 
main load path due to anisotropic properties of carbon fibers. Compared to glass fibers, 
carbon fibers are expensive and because of the high costs only used for high 
performance applications with critical weight. Carbon fibers can be classified into four 
major groups. These differ in their particular tensile strength: High Tenacity Fibers 
(HT), High Modulus Fibers (HM), High Modulus High Strain Fibers (HMS) and 
Intermediate Modulus Fibers (IM) [27]. 
The matrix material surrounds the fibers and has a low stiffness. Maintaining and 
protecting fibers are the main functions of polymer based resin systems. Furthermore, 
the polymeric matrix distributes the forces and loads to the single fibers. Thermoset 
materials, such as epoxy resin for high performance applications and Phenolic resign 
are mostly used within Airbus and aerospace in general. Today, more and more 
thermoplastic resin systems with similar properties are developed and introduced, for 
example Polyphenylene Sulphide and Polyether Ether Ketone. For high performance 
composites, epoxy resin is commonly used due to its superior mechanical properties, 
e.g. high strength and chemical durability [28].  
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1.2.2 Prepreg material 
 
In the aircraft sector, mainly the prepreg technology is used to manufacture large-
scaled components [29]. Prepreg is a resin pre-impregnated material, which is ready to 
use for the manufacturing process. Because of the separation of the manufacturing 
process and the impregnation process, a variation of the mechanical properties within 
the final part can be avoided [30]. The impregnation process is done in a continuous 
process with a defined fiber to volume ratio [31]. The main advantage of the prepreg 
technology compared to other technologies is the high and defined fiber volume. A 
typical prepreg material has a fiber volume of around 60% [32]. Pre-impregnated 
material has to be stored at a temperature less than -18°C to avoid fast curing of the 
resin material. After the material has been defrosted for use in the manufacturing, it 
should be used within a limited lifetime of around 72 hours. Prepregs are produced with 
a thickness of 0.125mm – 0.4mm and can be used in a manual or an automated 
process. For the lay-up process of large prepreg parts, automated tape layer (ATL) are 
widely used. They apply the prepreg layers (tape) computer controlled on a cutter table 
or directly into the mould. If an ATL is used, the prepreg consists of a tape. This means 
that impregnated, unidirectional fibers are placed side by side on a tape and are 
covered with a separating film prior to being stored on a reel. Typical tape widths vary 
between 25 cm to 30 cm, with an uncoiled length of up to 250 meters. Smaller tapes 
can be applied using an automated fiber placement system (AFP). This leads to lead-
time reduction and thus to cost savings during this step [33]. The single plies are 
applied separately to ensure a proper draping [34]. For the assurance of the required 
fiber- to volume ratio, and thus the high material properties and quality of the finished 
part, a curing process under high temperature is done. A vacuum bag is applied on the 
component in order to apply pressure to compact the fiber layers. The vacuum bagged 
component is installed in the autoclave. A typical curing cycle in an autoclave takes 
about 8 hours, but the necessary time strongly depends on the heating and cooling rate 
of the tooling, as this defines the temperature of the laminate. A pressure of up to 1 
N/mm² is used to minimize any defects like porosities in the component [35]. During the 
curing, the pressure inside the vacuum bagging is adjusted to 0.1 N/mm² of absolute 
pressure.  
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1.2.3 Bonding technologies 
 
For the manufacturing of composite box structures, there are three different processing 
methods as shown in Figure 4. The first method is the co-curing principle. Wet 
stiffeners are integrated on a wet skin and cured together. A wet structure is already 
formed, but not yet cured. The main advantage is the high technical performance and 
only one required autoclave cycle. Large one piece structures can be manufactured, 
and the amount of joining and sealing activities can be reduced [3]. The main 
disadvantages are the need of complex tooling and a wider tolerance band in the 
manufacturing process. The uncured parts have to be supported by tooling in the 
curing process. The second method is the co-bonding process. Cured elements are 
integrated on an un-cured element. The main advantages of this method are the less 
complex tooling and the high maturity of this process. One part is already cured, and 
the quality check has been done. The disadvantage is that two curing cycles are 
required as well as an additional adhesive film. The last processing method is the 
secondary bonding. Stiffeners and skin are already cured and bonded together. The 
main advantages of this technology are the supply chain of the cured parts and the fact 
that less tooling is required. Cured parts can be stored for undefined times. For this 
method, there are several disadvantages. The main disadvantage is the need of anti-
peeling fasteners [12]. For the manufacturing of composite box structures, co-curing 
and co-bonding processes are used. One example for a secondary bonding process is 
the integration of transversal stiffener on the rear spar of the A380 VTP (vertical tail 
plane). 
 
 
Figure 4: Overview on manufacturing strategies [12] 
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One example for the co-curing process is the manufacturing of the vertical tail plane 
from the A330-300. The co-bonding principle can be used in two different ways for 
composite box structures. One option is to combine cured stringers on a cured skin, 
already performed in the A350 VTP manufacturing, another option is the combination 
of uncured stiffeners on a cured skin, performed for the A350 wing cover. The co-
bonding strategy is currently the most common manufacturing strategy for composite 
shells.  
In the current design rules from Airbus, co-cured structures can be manufactured 
without rivets. In the co-bonding policy, rivets have to be installed to avoid a possible 
de-bonding of the structure [12]. 
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1.2.4 Box structures in aircrafts 
 
Box structures have been used in aircrafts for several years. A box structure is a closed 
torsion/bending box, used for the wing, the VTP, or the Horizontal Tail Plane (HTP) 
(Figure 5). They are required for the fixation of the different rudders for the flight 
control. An aircraft is moving in three dimensions. The transversal axis (y-axis) is 
running in the horizontal direction along the wing. The movement of the aircraft around 
this axis is called pitch. This movement is controlled by the pitch elevator, fixed at the 
HTP. The longitudinal axis is running in the horizontal direction along the fuselage. The 
movement of the airplane around this axis is called roll. This movement is done by the 
aileron, fixed at the wing box. The third possible movement is around the yaw axis. 
This axis is running in the vertical direction through the center of gravity. This yaw 
movement is controlled by the side rudder, fixed at the VTP box [36].  
 
Figure 5: Overview on box structures in aircraft (A350) [37] 
Traditionally, civil and military aircraft wings were manufactured using aluminum 
materials. This changed at the end of the last century, and the amount of CFRP 
material in the wing structure was increased. The first composite box structure in an 
Airbus was built in 1985 used as the vertical tail plane of an A310. Since then, all 
vertical tails for Airbus planes are manufactured using CFRP. In the A400M, the A350, 
and the Boeing 787, also the wing box is mainly a composite box. The dimensions of 
current composite box structures are on a wide range for the different aircraft types, 
varying from around 6m*2m up to 35m*4m. 
In Figure 6, a wing box is shown. For the VTP and the HTP structures, the basic build 
philosophy is the same. Wing covers provide aerodynamic surfaces; therefore any 
disturbances, e.g. fasteners, should be avoided. Because of their aerodynamic 
function, wing covers, just as the whole wing, are twisted and contain curvatures. On 
the wing cover, longitudinal stiffeners, called stringers, are installed. Next to the 
Vertical Tail Plane
Horizontal Tail Plane
Wing 
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stringers rib attachment angles are integrated on the wing covers. There is an upper 
wing cover and a lower wing cover, combined with ribs and spars. The ribs are 
connected to the covers using the rib attachment angles. The front spar is protected by 
the leading edge.  
 
Figure 6: Inner section of a wing box [38] 
In the A350, the main elements like the spars and the shells are manufactured out of 
CFRP. Only the ribs are metallic components. Also, the outer flap, the ailerons, and the 
spoilers, the flap track beams, and the fairings are made out of CFRP. By using the 
composite wing in an A350, a weight saving of more than 2.5t was provided [39]. The 
manufacturing of flat components like the spars is a state of the art process [40]. The 
main technical challenge is the manufacturing of the shells. In this thesis, the work is 
focused on the shell manufacturing. The structure and the development of the shells 
will be explained in detail for a better understanding. 
 
The first transport aircraft build with a wing with a high amount of CFRP material was 
the military transporter A400M. The first flight of the A400M was performed in 
December of 2009. The B787 was the first civil transport aircraft using wings made out 
of CFRP [41]. In June 2013, the first flight of the Airbus A350 was performed. This 
aircraft is the first commercial passenger aircraft from Airbus using wings with a high 
amount of composites. Next to the technical development of Airbus and Boeing, 
Bombardier announced that their C-Series, a new mid-range transport aircraft, will be 
build a CFRP wing to use the benefits of the material for significant weight and fuel 
savings. The first flight of this aircraft was performed in of September 2013 [42].  
Two types of upper and lower wing covers using carbon fibers are currently 
manufactured by Airbus. Only the A350 wing cover manufacturing process will be 
shown in this thesis. The A400M will not be considered since the production rate is on 
a low level, compared to the A350 WUC and military requirements influence the wing 
design. The A350 WUC will be the state of the art process for Airbus aircrafts for the 
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next decades. The A350 and the B787 wing covers are produced using prepreg 
materials, whereas Bombardier uses dry fibers and injects the resin after contour lay-
up. The difference in the processes is based on the different wing design, the bonding 
technology, and the company philosophy. The manufacturing of wing covers using the 
dry fiber technique and an injection process offers some main advantages but also a lot 
of qualification work. Research projects regarding this process have already been 
performed in the within Airbus company [43]. The focus in this thesis will be on the 
prepreg technology. No change of the material has been considered in this study, and 
no qualification work is required. 
 
One important part in the manufacturing of wing covers is the stringer fabrication and 
integration. In an investigation, a company analyzed by that 50% of and 70% of the 
costs of the structure were produced by the stringer elements [44]. Stringers within 
wings can be carried out as Z-, J-, I-, or T-stringers with respect to their cross-sectional 
shape. Wing covers in Airbus aircrafts basically contain T-stringers.  
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1.2.5 Introduction of digital factory 
 
With the increased requirements to the production process, the term “design for 
manufacturing” becomes more and more important. Researchers are investigating 
simulation models to perform predictability trade studies during the design process [45]. 
The digital factory is a main element to handle all data during design and production 
planning [46]. The wording digital factory is defined in a regulation called “VDI-Richtlinie 
4499”. The digital factory is an expression for a network of digital models, methods, 
and tools, including the simulation and the three dimensional visualization, which are 
integrated in an overall data management. The aim is an overall production planning, 
evaluation, and continuous improvement of all essential structures, processes, and 
resources of a real factory in connection with the product [personal translation of the 
“VDI-Richtlinie 4499”].  
Based on common data bases and simulation tools, the production planning can start 
at an early stage of development. Different objectives should be achieved by using a 
digital factory. The main objectives are time reduction and an improvement of the 
overall planning to achieve a higher efficiency and a faster serial introduction of the 
product. A conventional engineering starts with the product development. Afterwards, 
the production planning is done and finally, the product is placed on the market. In a 
concurrent engineering approach, the product development and the production 
planning can be done in parallel using a digital factory [47]. The time to market release 
can be minimized using the concurrent engineering. In the beginning of a project, there 
is a higher effort in the planning process with the concurrent engineering using a digital 
factory. However, the first results can be achieved earlier compared to the conventional 
engineering approach.  
 
Based on the common strategy in a digital factory and a common software selection, a 
common data basis is guaranteed. The data can be used for future improvement 
processes. Using the digital factory for the creation of a new production line, all data 
can be stored and all requirements can be documented. Comparisons and simulations 
can be done on a transparent data basis. 
Within this thesis, a simulation tool, called Delmia Process Engineer, is used. It is part 
of a software selection with various applications, including process structuring, 
ergonomic analysis, and robotics. The core element for the integration of this solution is 
the PPR hub, which is based on the PPR model of the company Dassault systems. 
PPR is the abbreviation for product, process, and resources. This PPR model provides 
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a shared database for various applications. Within the used software, this structure will 
be the key reference. The models will be created using the PPR structure and the 
requirements of an industrial scenario.  
 
In the PPR structure all data are assigned to specific sections. The cost of each part 
and a list of all required materials can be added in the product section. In the process 
part, a classification into different kind of processes, like measurement processes, 
manual process, or automated processes, can be done. In this thesis the focus is on 
parametric processes. At an early stage of planning, a lot of data will be estimated. 
They will be updated in later improvement processes. For the particular sub-processes, 
process time, required workers and other information can added. 
In the resources section, workers, jigs, and tools can be simulated. Relevant 
information like required space, investment costs, and required qualification of the 
worker can be described and considered in the simulation model. 
Next to the PPR structure, information for the overall production process can be 
defined. Shift models, energy costs, and production rates are required for the 
simulation.  
 
Regarding the information of the PPR structure and the information about the overall 
production process, the required work time and the capacity of the required resources 
can be calculated. For automated processes, a three shift system (S3) is assumed in 
this thesis. It is a 3S18 system – 3 shifts per day; 18 shifts per week. For the manual 
processes, a two shift system will be used (S2). It is a 2S10 system – 2 shifts per day, 
10 shifts per week. For processes with a high amount of manual work, night shifts 
should be avoided. The work efficiency of night shifts is on a low level. 
For the automated processes, decreased overall equipment effectiveness (OEE) is 
considered. Because of effects like breakdowns, time lost due to machine breaking 
down, 100% availability of the system can’t be assumed. The percentage of OEE 
(%OEE) is based on the experiences of the company. The definition of the working days 
(WD) per year at the station is mainly defined by the production philosophy of the 
company and the different shift systems. 
Also, the number of working hours per shift (HS) is depending on the company’s 
contracts and the different shift models. The capacity for a highly automated station 
(CA) can be calculated using: 
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CA = S3 * HS * WD * %OEE   (1.1) 
 
For the manual processes, the OEE is assumed to be 100%. The capacity for a manual 
station CM is calculated by: 
 
CM = S2 * HS * WD *1      (1.2) 
 
Based on the simulation model, the lead time (LT) of the different assembly stations for 
one product can be analysed. The production rate (PR) is defined by the procurement 
and marketing department. For each production plant, the productivity time (PT) per 
year is defined. Using this data, the required working time (WT) can be calculated to 
fulfil the production rate: 
 
WT = LT* PR* PT       (1.3) 
 
After the calculation of the working time at the different stations the utilisation (US) of 
each station can be defined.  
 
US = WT / CM (manual station)     (1.4) 
 
 US = WT / CA (automated station)    (1.5) 
 
The required work time and the required resources can be calculated using these 
formulas. Using the parametric model, the influence of a parameter can be analyzed 
easily and different scenarios can be created and investigated. Based on the number of 
stations, the investment costs for a production line can be estimated.  
For all production lines, a green field approach is used. Space limitations of existing 
buildings are not considered. In the assumption of the parameter and the calculation of 
the lead time, a learning curve is not considered. For the simulation model, all 
processes are robust and stabilized.  
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2. INVESTIGATION OF MANUFACTURING PART 
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2.1 COMMON MANUFACTURING METHODS OF COMPOSITE SHELLS 
The A350 wing upper cover manufacturing process is defined to be the reference 
process for the production of a composite shell in this thesis. The A350 wing cover is a 
part with a complex geometry. It is built in a co- bonding process with a cured skin and 
wet stringers [48]. The longitudinal stiffeners are integrated during the manufacturing 
process (Figure 7). Afterwards, the rib attachment angles are installed in the assembly.  
 
Figure 7 Structure of A350 wing upper cover. 
At the first station of the current state of the art process, the skin is manufactured. 
Automatic Tape Layers (ATL) are used for the application of the skin material. The skin 
mainly consists of carbon fiber prepreg. In the skin manufacturing process, glass fiber 
prepreg layers for the protection of the laminate and an expanded copper foil for the 
lightning strike protection are also applied. After the lay-up of the skin, it is cured in a 
first autoclave cycle. The material for the stringers is applied with a two dimensional 
automatic fiber placement (AFP) lay-up head. The prepared stringer skin is then cut 
into the final geometry.  
The stringer material is first hot-formed into an L-profile. This means that the material is 
formed under a high temperature. This profile is then pressed to another L- profile to 
produce a T-profile. An adhesive foil is applied to the formed stringer. The uncured 
stringer is integrated on the cured skin later in this process. For this co-bonding 
process an additional adhesive film is required. When the stringer is completely 
formed, the gusset filler is integrated. The stringer is positioned in a curing device in 
order to support the stringer position during the curing process. The stringer is then 
transported to a turning station. The wet stringer is positioned on the skin by laser 
devices. After all stringers are positioned, the vacuum bag is installed. The attachment 
of the vacuum bagging is a highly manual process. In a second autoclave cycle, the 
complete wing cover is cured and then demoulded. The shell is trimmed by a numerical 
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controlled machine. Before this trimming process, the wing cover has to be measured 
to get the exact shape of it. The trimmed shell is cleaned and inspected by a vertical 
non-destructive testing (NDT) process.  
 
Next to the co-bonding process, there are already experiences in the manufacturing of 
highly integrated shells in a co-curing technology. The A330-300 VTP shells are 
manufactured in a co-cured concept using single cores. For the shells of a vertical tail 
plane a higher stiffness is required when compared to the wing covers. Therefore, the 
stiffeners are manufactured as double T-structures. Each core consists of three single 
parts. Otherwise, no removal after the curing process would be possible due to the 
undercut of the stiffener elements. 
The cores are draped in a highly manual process. On a turning station, the 264 single 
cores are combined and fixed. This package is then transferred to the skin using a 
turning device. The shell is cured in an autoclave. In the demoulding process, the 
middle part of the core has to be removed first. Afterwards, the other two parts can be 
removed. One main problem is the handling and the logistic of the core because it 
consists of three parts. This process is only performed in a low production rate and in a 
highly manual manufacturing. 
For wing cover shells, one part cores can be used and many problems can be avoided. 
Using the advantages of one part cores and the increased manufacturing knowledge 
and possibilities, a good chance is given to this co-curing concept especially for large 
shell manufacturing. 
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2.2 DESCRIPTION OF MANUFACTURING PROCESS FOR HIGHLY INTEGRATED 
SHELLS 
For the next generation of box structures, a manufacturing and tooling concept for 
highly integrated composite shells was developed by the German aerospace center 
(DLR) [49]. The reference for the shell is an A320 wing cover, which is produced in a 
production rate of more than 40 aircrafts per month. The main difference to the current 
structures is the stringer manufacturing. The manufacturing of integrated rib caps and 
stringers is a complex process. Therefore, the main focus of this investigation lies on 
the stiffener manufacturing. The developed manufacturing sequence is shown in Figure 
8. For all other required production processes, like skin manufacturing or the milling 
process, the current methods will be used.  
 
Figure 8 Manufacturing sequence to produce a highly integrated structure [50]. UD (uni directional) tape and 
fabric matrial is used for the manufacturing. 
For the stiffener manufacturing process of integrated rib caps and stringers, single 
cores are used. The cores have a dimension of around 800 mm*200 mm*200 mm. For 
the investigated shell, around 200 different cores will be used. All cores have a slightly 
different geometry due to the curvature of the wing. The detailed number of cores is 
depending on the final design of the shell. The design is not complete finalized yet. For 
the manufacturing the stiffener elements, carbon fiber prepreg, fabric, and also tape 
are used. A stacking of two layers of ±45° fabric with an inserted uni-directional 0° tape 
is applied to a single core (1. in Figure 8). The stacking is then formed and pressed 
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against the core (2. in Figure 8). Two blades, one single 90° blade and one uni-
directional 0° blade are added to the front surfaces (3. in Figure 8). 
The cores are positioned in one line. This line is called stringer line because it is the 
basis for the later stringer manufacturing process. Around 14 cores will be positioned in 
a line depending on the required stringer length. Because of the different geometry of 
each core it is mandatory to position them in a fixed sequence. The shape of the shell 
is represented in the core geometry. The cores are pressed together and fixed (4. in 
Figure 8). If two draped cores are moved together, a small gap remains due to the 
slightly different radiuses of the single cores. Gusset fillers are then applied to the 
interfaces between the cores. The gusset filler is an uncured material. Without the 
gusset filler, there would be a deviation of the surface quality in this area, which will 
disturb the aerodynamic properties of the shell. Gusset filler is applied between the 
single cores. Onto all cores, a second stacking of two ±45° fabrics with one inserted 
UD blade is applied (5. in Figure 8). These layers are then formed around the cores (6. 
in Figure 8). Additional uni-directional 0° blades (16 layers) are applied on the stringer 
interfaces in order to increase the blade thickness of the longitudinal stringers (7. in 
Figure 8). The transversal stiffeners don’t need further stiffening 
In total, 12 stringers will be manufactured and pressed together. In the combination of 
all stiffener elements, every core has to be in the right position; otherwise the following 
steps will cause problems. If there is one mistake in the position or in the quality of one 
of the cores, the finished shell will not fulfill the surface requirements of the cover. After 
the stringers are combined (8. in Figure 8), the gap between the stringers is filled with 
gusset filler. Compared to the gusset filler for the single cores, this gusset filler has a 
non-complex shape. The gusset filler for the stringers might be produced in a pultrusion 
process. 
 
The core package (all combined stringers with gusset filler) is turned around and 
applied to the skin (9. in Figure 8). The skin has been manufactured in parallel and is 
uncured. The vacuum build-up is done and the part is going to be cured in the 
autoclave. After the curing process, the shell is demoulded (10. in Figure 8). The curing 
moulds for the skin and the cores are cleaned and transported back to the 
manufacturing stations. 
 
Based on the manufacturing concept for the stiffener, defined by the DLR wing team, 
an industrial production process focused on the stiffener manufacturing will be created. 
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The main focus will lie on the stiffener production, but the whole manufacturing chain 
will be investigated as well. The work is structured into five steps. In the beginning, a 
technology benchmark is performed. An overview about the state of the art 
technologies and research projects for the single processes will be generated. For 
required production steps without a suitable technology solution, concepts will be 
engineered and tested. Based on the results of the tests and a combination of single 
technologies identified in the technology benchmark, a production line will be designed. 
For this manufacturing line, a static and a dynamic lead time model will then be created 
in order to obtain a basis for cost and lead time analyses of the developed production 
line. 
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2.3 CREATION OF TECHNOLOGY MATRIX AND VALIDATION TRIALS 
The shown manufacturing concept for highly integrated shells has to be translated into 
an industrial process. No comparison to the current shell manufacturing methods is 
possible without an industrial concept. The development effort for a future 
implementation of this manufacturing concept in a serial production has to be 
determined.  
A technology matrix will be created. In this matrix, every required production step 
including the transport operations is described. It has to be determined, which 
technologies are available and in which area the suitable technology is not available. 
These data will be the foundation of the process simulation model. The creation of the 
technology matrix is structured into four steps as shown in Figure 9.  
 
 
Figure 9: Method for the creation of the technology matrix 
The concept is described and the production rate is defined. This is the basis for the 
next steps. In step 1, an internal Airbus technology screening is performed. Production 
systems and relevant transportation methods are identified and investigated based on 
the specifications. The technologies for each aircraft composite box manufacturing has 
been screened and listed. After the internal technology streaming, an overview on all 
Airbus technologies is available.  
In step 2, the technology screening is performed in other industries and research 
centers. The focus lies on high quality manufacturing technologies for large composite 
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components. Thus, global companies that produce large composite parts are 
investigated and considered for the screening process. Research projects have also 
been investigated. The technologies have to be suitable to fulfill a high production rate. 
The screaming was performed worldwide, including for instance America and Belgium.  
All technologies are collected and presented in a technology matrix. It includes a 
combination of production technologies from different companies and research centers. 
For each production step, the technology matrix shows three possible technologies. 
Based on the number of options, a fallback solution can be chosen, if required. If more 
than three options are available, a pre-selection has been done. An extract of this list is 
shown in Figure 10. Each option is shown, and some comments on the technology 
have been documented. These comments include advantages, disadvantages and 
industrial aspects. 
 
 
Figure 10: Extract from technology matrix 
Based on this technology matrix, a baseline manufacturing process can be selected. 
Different fall back solutions can be adapted quickly. The input for the process 
simulation is given by the technology matrix.  
In step 3, a rating system is defined. In order to monitor the quality of the simulation, 
the technologies need to be rated to identify applicableness of possible production 
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technologies for the industrial concept. Technology needs for the realization of an 
industrial concept can be identified. The identified technologies for the different process 
steps are rated by the following three criteria: 
 Is there at least one technology with a high technology readiness level (TRL) for 
the required process step available? [51] 
 Is there a second technology for the required process step availability on a high 
technology level? 
 Is further research work for the identified technologies for a required process 
step recommended for an industrial concept? 
The criteria are evaluated in a point system. The system is based on a conventional 
value benefit analysis as introduced by Zangemeister in 1970 [52]. The point system of 
the criteria is defined by: 
 
Criteria 1: Is there at least one technology with a high technology readiness 
level (TRL) for the required process step available? 
If the identified technology for the process step is the current state of the art in 
the industry (TRL 6–9) and can be adapted to the production system, the rating 
number is 1. If the necessary technologies are on a medium TRL level (TRL 3-
6), or fragments of well-known technologies can be used, the ranking number is 
5. If no technology for a process step is available, or only on a basic research 
level up to TRL3, then the number is a 10. 
 
 Criteria 2: Is there a second technology for the required process step availability 
on a high technology level? 
In the development of an industrial concept, it is always important to have a 
fallback solution for the required process steps. In a test phase or in the 
invention of a technology into the production process, unanticipated problems 
might occur. In the worst case scenario, the identified technology is not feasible 
to fulfill the needs. If no fallback solution is available, the whole process chain 
stops. The fallback solution is also rated by a sequence of numbers from 1-10. 
If a second technology with a high technology level is available (TRL 6-9), this is 
rated with a 1. If a second technology for the process step is available with a 
medium readiness technology level (TRL 3-6), the sequence number is 5. If no 
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second technology is available, or the TRL level is low (TRL 1-3), the sequence 
number is 10. 
 
 Criteria 3: Is further research work for the identified technologies for a required 
process step recommended for an industrial concept? 
If the technology for one process step is on a high technology readiness level, 
but only suitable for low production rates, further research work is 
recommended. For the required high production rate in the future, some current 
technologies should be improved to allow a production with fewer resources. If 
a technology is well known and no improvement for a high production rate is 
required, the sequence number is 1. If a technology should be improved and 
current research projects are ongoing, the sequence number is 5. If 
technologies should be improved but currently no research work is ongoing, the 
sequence number is 10. 
 
Based on these three criteria the identified technologies for the process steps can be 
rated in step 4. All criteria have the same weight, and they are multiplied by each other. 
The results can vary from 1 to 1000. The results are classified into three categories. If 
the result of the assessment is between 1 and 25, no further research work is 
necessary. One example is the cutting process of the CFRP material. This process is 
well-known and can be adapted easily. If the result is in between 26 and 125, research 
work is required to use the technology in an industrial concept. One example is the 
manufacturing of gusset fillers. There aren’t any research projects identified and neither 
the baseline technology nor the suggested fall back solution is on a high technology 
readiness level. All results of the research work need to be improved to use the 
technologies in the production line. 
If the resulting number is higher than 125, there is a lack of suitable technologies for 
one process step. No research projects are currently known focusing on this 
technology and input data for the simulation are missing. Research work is mandatory 
to create reliable simulation models. In the created technology matrix, there is only one 
process step with more than 125 points as a result of the rating process as shown in 
Figure 11.  
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Figure 11: Result of the rating process for the technology matrix 
After step 1-4, a list and rating of possible technologies for the creation of the industrial 
concept is available. No satisfying technology is identified for the draping of the cores. 
As a result of the rating, a technology for the draping of the cores has to be developed. 
It has to be proved, that an automated solution is possible and can be integrated in an 
automated production process. Tests are required to receive data for a process 
simulation.  
The results of the technology matrix can be used for the creation of an industrial 
concept and a process simulation model. 
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2.4 VALIDATION TRIALS FOR CORE MANUFACTURING 
For the core draping process, a concept is required. A concept is developed and 
evaluated in a test setup. 
The draping of the core is an important process step within the overall production 
process. A high accuracy of the final draped core is required. The quality of the final 
stiffener elements of the shell is mainly defined by the quality of the draping process. A 
misalignment of the fiber orientation will lead to a significant decrease of the 
mechanical properties of the stiffener elements. The forming process in the draping cell 
has to be controllable and very accurate. Another very important factor in the 
development of the core manufacturing station is the logistic system. The core 
elements are assumed to have a weight of more than 15 kg. Because of this high 
weight, manual processes should be avoided in the production line. The process 
should be highly automated. The core should be in a defined position in the draping 
process to identify any misalignment and to allow a good process control. There are 
two opportunities to reach these targets. Either the core can be lifted, or the draping 
system can be sunk lowered for the draping process. In the design phase, it has been 
decided to elevate the core. This principle minimizes the number of movement steps. 
All pneumatic or electrical components in the draping system can remain fixed in the 
process. Therefore, the risk of any damage to the parts in the draping system can be 
reduced. The final work specification for the cell is shown in Figure 12.  
 
 
Figure 12 Specification for draping cell 
The core is delivered on guide rails to the draping cell (1. in Figure 12). Then the core 
is lifted by a bearing unit and transported to the draping parts (2. in Figure 12). After the 
core draping process is finished, the core is lowered onto the guide rails (3. in Figure 
12). It is then transported to the next station (4. in Figure 12). 
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The logistic concept of the core is very important for the overall industrial concept. The 
draping cell can be integrated in a highly automated production line. The core can be 
moved automatically on guiding rails, such that manual work is not required. 
For the draping of the core, different requirements have to be considered. Because of 
the tailored wing, the geometry of every ply is different. To form the material around the 
core, different technologies are available. In the past, a forming method using a 
diaphragm has been utilized [53]. This technology is currently used for parts like the 
A380 spar. In the manufacturing of the A350 stringers, a method called “press-forming” 
is used [40]. In this technology method, the material is formed with a constant tension 
bearing on the material during the process. In comparison to the diaphragm method, 
the press-forming method obtains a higher reliability in terms of quality. In the forming 
process, the single layers of the laminate are moved. The material is in a clamped 
condition and can be formed in a controlled process. An accurate fiber orientation is 
possible. Because of the high quality of the formed laminate, it has been decided to 
use the press-forming method for the draping of the cores. 
According to the given fiber lay-up from the manufacturing concept, the material is 
clamped and formed in different directions. For the core manufacturing, a forming 
concept has been developed as shown in Figure 13. The clamps are shown in grey. In 
the first step, the material (blue) is positioned (1. in Figure 13). The material is clamped 
(2. in Figure 13), and the core is lifted. The stringer sides are formed this way (3. in 
Figure 13) and the second rib attachment sides are formed in the next two steps (4. 
and 5. in Figure 13). Finally, the core is draped with material. 
 
 
 
Figure 13: Forming concept for the core manufacturing 
The developed forming method and the logistic system have been transferred in a 
draping unit. It has been designed with the software Catia V5R21 and manufactured 
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with aluminum elements and pneumatic parts. On a base plate, the different actuators 
are installed. A detailed construction is required to avoid any collision in the forming 
process. Only standard elements have been used to allow a low cost production of the 
draping cell. After the final construction, the draping unit is built up shown in Figure 14. 
 
Figure 14: Demonstrator for the core manufacturing trials. On the left side, the CAD construction is presented. On 
the right side, the created demonstrator in hardware is shown 
All clamps and draping systems are installed on one base plate. This plate is integrated 
in a cell build out of aluminum profiles. The dimension of this cell is around 1200 mm 
by 1000 mm. An overview of the draping cell is shown in Figure 15.  
 
Figure 15: Overview on the draping cell 
On a guiding rail system, the core can be transported to the draping unit. The core 
stops in the defined position and is raised by a lifting mechanism. The guiding rail is 
smaller than the core, so that the core can be grabbed from both sides. For the 
positioning of the core, an accurate positioning system using LEGO brick profiles is 
used. A repeatable positioning accuracy can be guaranteed by these profiles. The 
lifting of the core is done by a pneumatic cylinder. In tests, a small core with a weight of 
approximately 5 kg is used.  
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The core is lifted in two steps. Using a large lifting device, the core is positioned under 
the material. With a more accurate pneumatic lifting system, the core is raised to the 
final position while the material is clamped and formed around the core. 
 
 
Detailed draping process 
The developed draping concept is evaluated in manufacturing trials. The core is 
transported to the lifting device on the guide rails. On the bottom side of the core, 
positioning devices are installed. The lifting unit grabs the core. In the trials, the core is 
covered with a release foil (red). The positioning devices are used as a cup and cone 
system with a high accuracy. With the lifting device, the core is elevated onto the first 
level as shown in Figure 16. 
 
Figure 16: Step 1 - Lifting the core from the guide rails 
After the core is lifted onto the first level, the material is applied in the draping cell. The 
material is already cut into the correct dimensions. In the first test trials, the material is 
covered with a release foil (blue). The material in the test is a fabric material. The 
laminates consist of four combined layers. The material is positioned over the cores as 
shown in Figure 17. 
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Figure 17: Step 2 - Insertion of the material (blue) in the draping cell 
For the transport of the material to the draping cell, a robot system is used. The 
material is grabbed after cutting using a vacuum head. The material is transported to 
the draping cell and positioned. After the plies are in the right position, the clamps fix 
the material and the draping process can start. This concept has been performed to 
show the feasibility of it and is shown in Figure 18. This process is current state of the 
art and does not need further investigation [54]. The cutting data for the plies can be 
transferred from the CAD files to the cutter. A robot system can grab the required plies 
in the right sequence. For an improvement of the process reliability, an optical 
measurement system can be installed on the robot head in the future. The high 
automation level of this process chain minimizes the risk of changing the ply sequence.  
 
Figure 18: Validation of the logistic concept for the core manufacturing. The material is grabbed from a table 
(representing a cutter) and transported to the core manufacturing cell 
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After the material is positioned, it is clamped using the stamp as shown in Figure 19. In 
a future industrial draping cell, an optical measurement of the position has to be 
performed. Due to the clamping process, a slipping of the material can be avoided. The 
material is pressed with around 15N on the core. The stamp and the cylinder can be 
removed for the transport of the material. The core can be clipped on the side of the 
draping cell while the robot is positioning the material.  
 
 
Figure 19: Step 3: Clamping the material for further forming operations 
After the material is clamped by the stamp, the clamping devices are placed in position 
as shown in Figure 20. There are four clamping devices. Two clamping devices are 
required for the stringer sides and two clamping devices are necessary for the rib 
attachment sides. All clamps are controlled by pneumatic actuators. The surface of the 
clamps is a thermoplastic material to avoid that the material sticks on the clamps while 
forming.  
 
Figure 20: Step 4 - Clamping of the material for the draping process 
After all clamps are installed, the core is lifted for the second time as shown in Figure 
21. While the core is raised, the material is formed around the core for the first time. 
The stamp is connected to the second lifting unit of the core. The laminate is 
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compressed by the stamp during the entire press-forming process. A cold forming 
process is performed because of the low thickness of the stacking. The lifting speed 
has to be controlled to avoid any damage of the material. In the trials, a speed of 
around 100mm/min has been used. Depending on the tackiness of the final material, 
the best forming speed has to be validated in additional trials.  
 
Figure 21: Fifth forming process of the draping cell 
While lifting the core, the rib attachment sides slide along the second clamping system. 
After the core has reached its defined position, the two ends on the rib attachment side 
are draped along the core from both sides as shown in Figure 22. The clamps are 
manufactured out of a thermoplastic material, too. A sticking of the material on the 
clamps would lead to a misalignment of the fiber direction. The clamps have been 
manufactured by a three dimensional printer. They are low cost parts and can be 
replaced easily. 
 
Figure 22: Step 5 - Draping of the rib attachment sides 
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After the second forming process of the rib attachment sides, the core draping process 
is finished. All clamps are removed; the core is lowered onto the guide rails, and it can 
be transported to the next station. After the core is de-installed, the next core can be 
installed and the draping process can continue. 
In the manufacturing trials, it was shown that the concept is feasible and that it can be 
used for the manufacturing simulation. Based on the developed technology, a time 
estimation can be made for the overall process description. The technology readiness 
level of the draping unit is on a low level and has to be improved for possible serial 
production. The next improvements steps include the adjustment of the pneumatic 
clamps and the installation of different quality control elements. The forming step in 
relation to the tackiness of the final material has to be investigated. Because of the 
tapered shape of the shell for a composite box structure the cores will have different 
geometries. It has to be investigated how much different cores with different 
geometries can be manufactured in one draping cell.  
One main part in the design and test phase of the core manufacturing station is the 
need for a vacuum cell after the core draping. A consolidation step would require a 
higher effort in the production process and should be avoided. One core was formed 
and positioned on a table. After several minutes, there was a spring back of the 
material. This spring-back is not acceptable and may cause wrinkles in the combination 
of the different cores.  
Another core was draped and consolidated afterwards with a manual vacuum build-up 
as shown in Figure 23. The vacuum was applied for more than five minutes and was 
removed afterwards. 
 
Figure 23: Consolidation trials of the cores 
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After the consolidation process, there was no de-bonding of the material from the core. 
The used fabric material has a good tackiness to the core. In the overall production 
concept and the process simulation, this validation step must be considered to 
guarantee a high quality of the final part. The vacuum process could be avoided in the 
future by a higher tackiness in the material, but the step is considered in the industrial 
simulation due to risk mitigation. 
The whole process chain for the core manufacturing has successfully been shown and 
the cores were manufactured in a good quality. The next process steps, like combining 
the cores and the production of the stringers, are not part of the validation trials. A high 
number of tools would be required. Also, a lot of data from reference processes are 
already available. The cores can be installed on guide rails, and thus no manual work 
is required. A highly automated process with an automatic material supply was 
demonstrated. Time estimation using the manufacturing results is possible for the 
further simulation. 
 
Based on the technology matrix and the validation trials which have been performed, 
all data for a simulation of the manufacturing process are available. The technology 
step with the highest research needs has been investigated and a solution has been 
developed. The technical feasibility of a highly automated process for core 
manufacturing has been shown. In future research work, the draping of complex cores 
has to be investigated.  
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2.5 INDUSTRIAL CONCEPT 
A digital factory model for the industrial manufacturing process of highly integrated 
structures has been designed. It is based on the technology matrix and the results of 
the validation trials. The sequence of the processes is defined by the built concept 
described in section 2.2. The main part in this simulation is the manufacturing of the 
stiffener elements. It was decided to produce a flow line as design of the production 
line. All processes are performed in a pre-defined sequence. The advantage of a flow 
line is a good process control [55]. The production sequence is visible and bottlenecks 
can be detected easily. One of the main disadvantages is the flexibility. If a failure in 
one production system occurs, the whole production line is disturbed. Because of the 
high number of different tools, which have to combine in a defined sequence, a good 
process control is required. The focus of this production line is to achieve a highly 
automated process and to avoid crane work as much as possible, though a lot of 
individual tooling has to be transported. The main transport steps are performed by 
guide rails because of the high weight of the tooling. The overall stiffener 
manufacturing process can be split into nine sub-processes, which are shown in Figure 
24. 
 
Figure 24: Overview on manufacturing line 
The first step in the stringer manufacturing is the core transport from the storage to the 
guide rails system as shown in Figure 25. The required core is scanned and 
transported to a conveyor by an automated system. This technology is the state of the 
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art in different logistic companies. For one composite shell, more than 200 cores are 
required and it is necessary that the right sequence in the manufacturing process can 
be controlled and guaranteed. 
 
 
Figure 25: Core transport process 
The core is transported to the draping cell by guide rails as shown in Figure 26. In the 
draping cell, the core is lifted, and the material is applied. The processes in the draping 
cell have been explained in the previous chapter. After the core is draped, it is lowered 
down onto the conveyor, and the production process can continue.  
 
 
Figure 26: Core draping process in industrial concept 
The core is transported by another conveyor to a vacuum station. The vacuum foil is 
applied and the material around the core is consolidated. The core is transported via 
the guide rails to the next station. The draped core is lifted by a robot and installed onto 
a bearing plate (Figure 27). To avoid any bending of the bearing plate, it is installed on 
a table. 
 
Figure 27: Installation of the core on bearing plates 
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One stringer is manufactured with several cores. All cores for one stringer must be 
installed onto one bearing plate and they are then pressed together (Figure 28). 
 
Figure 28: Combination of cores on bearing plate 
At the next station, the gusset filler is applied between the cores. One set of gusset 
filler is required between two cores. Due to the compression of the cores on the 
bearing plate, the cores are always at the same position. After applying the gusset 
filler, the cores, which are fixed on the bearing plate, are transported to the next station. 
In the first draft of the production concept, the whole production line was designed as 
one table. Due to risk mitigation, the table is separated into different parts. The length 
of the stringer table would have been more than 16 meters. If there a problem at one 
station might have occurred, a manual fallback solution wouldn’t be possible. Access 
for manual work is thus provided by the separation and a total stop of the production 
line can be avoided. The bearing plate is transported by guide rails on the tables. The 
tables are also fixed on guide rails and can be moved easily. Due to this concept, crane 
work is not required. 
The stringer material is applied with a tape layer in a separate station in parallel. The 
final contour of the stringer is cut. The material is then transported to the stringer 
manufacturing station of the flow line using a crane system.At this station, the stringer 
material is pressed around the cores. For this, the press-forming is the best solution 
according to the draping process of the cores. Six layers must be pressed around the 
core assuming that no pre-heating of the material is required. The material is clamped 
on two sides and formed around the cores. If a thick layer package has to be formed, 
the required heat-up process of the material is the critical lead-time process. This 
possibility of a cold forming process offers saving potentials compared to the current 
manufacturing method of stringers. 
After the material is formed around the cores, the product is transported to the next 
station. The extra layer packages for one side of the stringers are manufactured and 
transported to the element in the same way as the stringer material. The extra layers 
are pressed against the stringer from one side  
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The stringer is transported to the next station. It is turned around by a turning station. 
The pins of the bearing plate secure the position of the stringer during the turning 
process. All required stringers for one core set are collected at the top of the turning 
station and they are pressed together. A buffer section is located between the turning 
station and the stringer manufacturing table. Gusset fillers are then applied between 
the stringers. Afterwards, the package is lowered and the curing mould including the 
skin is positioned under the turning station (Figure 29). 
 
Figure 29: Installation of cores on skin 
The cores are pressed onto the skin and the turning station elevated to its original 
position again. The next stringers can be installed into the turning station.  
The shell is cured under constant pressure in the autoclave. After the curing process, 
the shell is transported out of the autoclave and the vacuum foil is removed. The 
bearing plates for the cores are removed first, followed by the disassembly of the cores 
(Figure 30).  
 
 
Figure 30: Demoulding process of the cores 
2. Removal of connection 
plates
1. Mould after autoclave
3. Lift up of bearing plates 
and core
4. Demoulding
5. Final structure
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The structure is removed from the curing mould and transported to the quality 
inspection. The bearing plates and the cores are cleaned and transported back to the 
production line.  
Based on this industrial concept, the process information from the technology matrix, 
and the validation trials, the simulation of the lead time and the required resources is 
possible. 
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2.6 SIMULATION - COST AND LEAD TIME ANALYSIS 
Many different assumptions and data have to be considered in the development of a 
future production line. Design engineers and manufacturing engineers are working in 
parallel during the development phase of a new aircraft program. While a new aircraft 
is designed, the aircraft structure is optimized in several loops. Because of the 
increasing production rate and an increasing global competition, the focus lies more 
and more on a low cost production. For a long time, the design of aircraft parts was 
mainly driven by lightweight and optimized design principles. However, the design has 
been orientated more and more towards an improved manufacturability during the last 
years. It becomes increasingly important to simulate the impact on the 
manufacturability due to design changes and optimization loops. For a new aircraft 
production line, a lot of new technologies and well-known technologies are combined. 
Necessary technologies, which are only available on a low technical readiness level 
are further developed and tested. Because of the test results, the first assumptions for 
a production line can change significantly and it is important to know their impact on the 
overall production line. Next to this fact, process time assumptions need to be 
transparent and easy to adjust.  
 
The production rate is depending on the company’s strategy. For this simulation model, 
the final production rate is assumed to be 1012 shells per year. The work in the model 
will be performed in a 3S18 shift. It is a three-shift system where 18 shifts are 
performed per week. This shift model is possible because of a highly automated 
process. For manual processes, a two shift system per day should be realized due to 
cost and performance reasons. 
 
Based on the developed manufacturing method, different processes are necessary. 
The entire process has been defined by parameters. For the manufacturing process, 
26 parameters are defined for the first simulation loop. In a more detailed development 
step, sub-parameters for each step can be realized. In the creation of the simulation 
model, a separation between the different parameters is recommended. There are 
parameters that are linked to all processes. These parameters are defined as design 
and material parameters in this thesis. If there is a change in the design and material 
parameters, there is an impact on a lot of other parameters. In the following, a list of 
the material and design parameters for this model is given. 
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1. Number of stringers 
The number of stringers is defined by the stress engineers and the design 
engineers. If a stringer has a high thickness, a higher stringer pitch is possible. 
In the development of an aircraft, several design loops will be performed and 
the number and the thickness of stringers might change. 
2. Number of necessary cores 
The number of cores is depending on the pitch of the stringers and the rib 
attachment angles and it is also changing continuously during the development 
phase.  
3. Weight of skin [kg] 
The optimal ratio between skin stiffness and stringer stiffness has to be 
identified in the design phase. 
4. Area of wing cover [m²] 
The size of the wing is depending on different influences. One main influence is 
the position of the turbines. A concept is to position the turbines under the wing. 
In another concept, the turbines are installed on the horizontal tail plane at the 
empennage section of the aircraft.  
5. Weight of stringer [kg] 
The weight of the stringer parameter is the counterpart to the weight of the skin. 
6. Weight of a lightning strike protection [kg] 
Depending on the size of the wing, the weight of the lightning strike protection is 
changing.  
 
Next to the material and design parameters, there are the process parameters. A lot of 
different processes are required and different technologies can be used. If a process is 
changed or improved, the simulation model can be updated. Also, the critical 
processes for the overall lead time can be identified to focus future research work on 
relevant processes. Next, the list of the process parameters for the developed 
manufacturing strategy is given. 
1. Lay-up rate of material using robot unit [kg/s] 
2. Transport time per stringer [s] 
3. Forming time for an u-stringer [s] 
4. Transport time per stringer lay-up [s] 
5. Draping time per core [s] 
6. Final positioning of stringer [s] 
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7. Time to apply an I-gusset filler [s] 
8. Time to apply an u-gusset filler [s] 
9. Time to create a vacuum bag [s/m²] 
10. Time for vacuum bag removal [s/m²] 
11. Demoulding time of the core [s] 
12. Mould cleaning time [s] 
13. Cleaning time of one core [s] 
14. Cutting time per stringer material [s] 
15. Transport time per core [s] 
16. Compression time of the core material [s] 
17. Installation of the bearing plate/ pressing of the cores [s] 
18. Number of vacuum processes for the skin lay-up 
19. Duration and preparation of the vacuum [s] 
20. Demoulding of 1m² of the shell [s] 
 
Because of the investigation, the data from the technology matrix and the test results of 
the core manufacturing trials, all input data can be estimated. In several discussions 
with manufacturing experts, the input data has been defined.  
The production process sequence with the different parameters has been modeled with 
a simulation software, called Delmia Process Engineer (DPE). It is based on the 
parameters and the created factory. The sequence and the interaction of the processes 
are defined in this model as shown in Figure 31. 
 
 
Figure 31: Process model in Delmia Process Engineer 
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The processes are linked in between and thus parallel work can be considered in the 
analysis. All parameters are linked to other parameters. An example is given by the 
draping of the cores: 
 
                                                              (2.1) 
 
Based on this model, the first lead-time analysis can be calculated. The critical path for 
the lead time can be evaluated as well. The designed resources and processes are 
integrated into the model. The resources are necessary to produce parts. Resources 
are products like the autoclave or the cores for the stiffener production. For the process 
model, the required resources are designed and linked to the processes as shown 
Figure 32. The resources are required to run the process. Different processes can run 
using the same resource. The curing mould, for example, is a resource used for the 
lay-up process, the integration of the stiffener, the vacuum build-up, the curing and the 
demoulding. Some resources, for instance the autoclave, are only used for one single 
process. 
 
 
Figure 32: Required resources in the simulation model 
The process model, the process time, and the capacity of the different resources can 
be calculated based on the production rate. The parameters are adapted from the 
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technology matrix, the results of the validation trials, and the experiences of the 
industry. A first simulation run is performed. Next to the lead time, the utilization of each 
resource can be calculated. The degree of capacity utilization is calculated in percent. 
The capacity of the resources cannot be higher than 100%. If the capacity is higher 
than 100%, a second resource is required. Not all resources are considered in the 
simulation. Only the main resources, responsible for over 80% of the investment costs 
are shown. Small transport devices or operations platforms are not taken into account. 
A first baseline scenario is calculated for a full production rate based on the available 
data. All process parameters have the most accurate values which are possible at this 
stage of research. The availability of all resources is estimated with 85% in the 
simulation model. The 15% of unavailability is mainly caused by maintenance reasons. 
The first results are shown in Figure 33. 
 
 
Figure 33: Capacity of resources for baseline scenario [%] 
 For a full production line with the current parameters, following resources are required:  
- three core manufacturing line 
This station includes the transfer of the undrapped core, the draping process, 
the vacuum process, and the final transport into the autoclave. 
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- one demoulding station 
The vacuum build-up, the cores, and the shell are demoulded from the curing 
mould at this station. 
- 18 curing moulds  
Female mould which is used for skin manufacturing, integration of stiffener, 
curing and demoulding of shell. 
- two autoclaves 
These are curing devices for the shell manufacturing in a vacuum bag that 
provide high pressures. 
- six stringer manufacturing units 
They include the combination of cores, the application of stringer material, and 
the integration of stiffener. 
- 14 core sets 
Each set consists of around 200 single cores to form the stiffener elements. 
- nine bearing plates 
They are support structures to combine and transport the cores. Additionally, 
the fixation of the cores in the autoclave is done with these plates. 
- 13 skin manufacturing stations 
At a skin manufacturing station, the skin material and the lightning strike 
protection material are applied to the curing mould. 
- one Stringer material manufacturing station 
At this station, the material for the stringer, which will be integrated to the 
combined cores, is applied. 
 
The required resources for a manufacturing line can be calculated with the simulation 
model. The required invest for a production line can be determined using this capacity 
calculation. 
Another scenario will be conducted in order to validate the simulation model and the 
functionality of the parameters. The parameter assumptions from scenario 1 are used 
again. Based on this baseline scenario one process parameter is changed. The layup 
time in the stringer lay-up station is reduced to 50%. The lay-up time in the skin 
manufacturing station is reduced to 33%. Different research facilities are investigating 
accelerated lay-up time with multi robot solutions or the use of dry fabric. The current 
lay-up technologies lay-up rates up to 15 kg/h are usual. Using multi robot solutions, 
lay-up rates up to 100kg/h are focused. The results are shown in Figure 34. 
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Figure 34: Capacity of the resources in scenario 2 (validation run results) compared to scenario 1 (baseline) 
With the change of this process parameter, a significant reduction of resources can be 
reached. Eight skin manufacturing stations, one stringer manufacturing station and nine 
curing moulds can be saved with an increased lay-up rate. These significant savings 
justify the further research work for an increased lay-up rate. 
 
The influence of the parameters was shown in the calculation of the different scenarios. 
The simulation model can be updated easily. If one parameter in the model is changed, 
the results of the simulation will then calculated by the software. The results are 
analyzed with an Excel macro. The required work time and the necessary resources 
can be calculated. Based on the required resources, the investment costs, the 
necessary production space and the overall production costs can be determined. If 
parameters of the production line are changing during the development phase, the 
relevant parameters in the simulation model can be updated easily. The influence to 
the investment costs is directly visible as an output of the simulation model. For the 
three performed scenarios, the investment costs were calculated based on common 
cost estimations. 
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The investment costs for scenario one is set to 100%. Because the significant 
reduction of lay-up time in scenario two, the investment costs can be reduced to 70% 
of the original investment costs. The two scenarios show traceable results and validate 
the parametric model of the digital factory. Using the data for required resources and 
investment costs decisions can be supported. Based on these data business cases 
and risk analyses can be performed easily.  
 
A first lead time for the manufacturing line is calculated based on the parameters of the 
simulation model. Hereby, the baseline scenario with the most realistic parameters has 
been used. Up to the combination process of the stiffeners on the skin, the production 
of the skin and the manufacturing of the stiffener elements can be done in parallel. In 
the results of the lead time simulation, the critical part is the production of the stiffeners. 
The critical lead time path defines the longest lead time in a parallel process. The given 
value for the lead time of the stiffener manufacturing is much higher than estimated in 
advance. Compared to the manufacturing of the skin, the result of the simulation model 
shows that the manufacturing of the stiffener sets requires a nearly 10% longer lead 
time. Nevertheless, in a feasibility analysis and in a rough calculation it was determined 
that the most time consuming process is the manufacturing of the skin.  
 
In the static lead time model, the process simulation for the lead time is in a fixed 
process sequence. In the stiffener manufacturing, all cores are manufactured and then 
all parts are transported to the next station. At the next station, all cores are combined 
to different stringers and transported to the following station. There is no interaction 
between the different processes and the required resources. This method is not 
suitable for the stiffener manufacturing. This simulation method can be used if there is 
no interaction between a process and the different resources. An example for such a 
process is the skin manufacturing. All processes are done with one machine using one 
curing mould.  
 
In the stiffener manufacturing, the lead time simulation of the model is not meaningful. 
The stiffeners are manufactured in a flow line. After the first core is manufactured, the 
core is transported to the next station and the second core can be manufactured. There 
is an interaction between the resources and the processes. This interaction has to be 
considered to simulate the flow line of the stiffeners. 
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The lead time result of the developed simulation model has to be calculated 
additionally with a dynamic simulation tool. For this simulation, a simulation tool called 
Quest from DASSAULT will be used. The interaction between different processes 
depending on different resources can be simulated using this software. It has already 
been used for the modeling of complex manufacturing processes [56]. The first part of 
this dynamic simulation is the description of the logic for the interaction of the 
processes and the resources. This is shown in Figure 35 
 
Figure 35: Process logic of the dynamic lead time model 
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In the dynamic lead time model, all interactions of the process have to be considered 
and simulated. In the final shell, all cores have to be in the right position. The cores are 
all different due to the tapered design of the composite shell. For the simulation, a 
production program has to be defined at the beginning. The sequence of the stringers, 
of the cores, and of the laminate stacking is relevant for the simulation model. This 
information has been programmed in a source code (1 in Figure 35). Based on the 
chosen stringer, the corresponding cores have to be sorted. In this simulation model, 
14 cores belong to one stringer (2 in Figure 35). For each core, the required material 
has to be manufactured. For a single core, six layers of material are required (3 in 
Figure 35). To separate the different products, a numerical code is defined and used. 
The first number is the stringer number (S), the second number is the core number (C), 
and the last number is the ply number (P). A stacking of four layers is used for the first 
“pre-draping” process (4a in Figure 35) and remaining two plies are applied later in the 
second draping step (4b in Figure 35). The first plies are draped around the core for a 
pre-draped core (5 in Figure 35). In the simulation model, the abbreviation PD is used 
for the pre-draped core. The corresponding laminate for the associated core has to be 
available, otherwise the process is interrupted and the simulation stops. The product is 
then transported to the next station and the last plies are pressed against the core from 
one side (6 in Figure 35). This process has not been demonstrated in the 
manufacturing trials because it is a current state of the art process. The fully draped 
core (D) is transported to the vacuum station. The draped core is consolidated using a 
vacuum bagging. Whenever the following station is available, the process can 
continue.  
After the stringer sequence is defined (1 in Figure 35), the appending bearing plate (B) 
for a stringer has to be selected and installed on the assembly table (7 in Figure 35). 
Meanwhile, the first sequence of the required cores is manufactured. All final draped 
cores for a stringer line are collected on the corresponding bearing plate. If all cores 
are installed in the right way, the cores will be pressed and the bearing plate with the 
cores will be transported to the next station. Meanwhile, the core manufacturing has to 
stop due to the defined sequence of the flow line. Afterwards, the next bearing plate 
can be installed and the core manufacturing process can continue for the next stringer 
line. Whenever there is a problem in the correct sequence, the simulation stops. 
In the radiuses between the combined cores, u-gusset fillers are applied. If all gusset 
fillers are applied, the combined cores are transported to the next station. In the 
simulation model, this product is named S1_wL (Stringer 1 without layers). For the 
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defined stringer, the stringer material has to be manufactured and transported to the 
combined cores (9 in Figure 35). For a single stringer, two material sets are required. 
The name in the model is according to the number of the stringer (S) and to the 
number of laminate (L). The first stringer material is draped around all cores (10 in 
Figure 35). The created stringer (PL) is transported to the next station. Extra layers are 
then pressed on one stringer interface side in order to increase the blade thickness of 
the stringers (11 in Figure 35). Afterwards, the stringer is completely draped with 
material (FL). All single stringers are collected on a table and pressed together after all 
stringer lines are available (12 in Figure 35). Gusset filler material is applied (13 in 
Figure 35) between the combined stringers. Finally, the created package is turned and 
applied to the skin (14 in Figure 35). All operations have to be performed in the correct 
sequence before the package is turned. There is a continuous process flow. After one 
stringer line is finished in the particular station, the next stringer line can continue.  
 
An additional lead time calculation is performed using this process logic. All interaction 
between the processes and the resources can now be simulated. An overview is given 
in Figure 36. Additionally, the autoclave and the demoulding and cleaning areas are 
simulated. After the core is cleaned, the core will be available for the next production 
sequence. Otherwise, it is locked and can not be used for additional operations. The 
lead time can be simulated based on the created model. The production time of the 
autoclave is not relevant for the stiffener manufacturing method and will not be used in 
the first dynamic simulation. In the used model, the cores and the stringer plates are 
used until the last process of the turning station is finished. Afterwards, the resources 
are available again. The required cores for the corresponding stringer are marked in 
different colors. The plies are produced in a source using a defined sequence of each 
required ply.  
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Figure 36: Dynamic simulation model of the stiffener manufacturing 
The process times of the dynamic simulation model are according to the parameters of 
the static lead time model. The results can be compared to the same database. 
Because of confidentiality reasons, the time assumptions are given as time units. To 
validate the dynamic lead time model and the correct interactions between the 
processes and the resources, a test run is done. The simulation is stopped in between, 
and the information can be interpreted. A screenshot of the interrupted simulation run 
in shown in Figure 37. 
 
 
Figure 37: Validation run 
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In the storage, the different manufactured ply products are available. The production is 
done according to the given production system. The manufactured plies are colored in 
different ways for each stringer line. The cores are transported to the core 
manufacturing station and the core is locked to the plies. This process is the simulation 
of the draping process. The ply products for stringer 4 (cores in pink, ply product in 
white) are in a waiting line on the conveyer. If the corresponding core is not available, 
no draping process can be started. The cores for stringer 4 are collected on the bearing 
plate. The next process cannot be started, until all required cores are available. The 
combined cores for the stringers 1-3 are passed through the process chain of the 
stringer manufacturing.  
This validation run shows that all interactions of the processes and the resources are 
correct. The model can be used for the simulation of the lead time of the stiffener 
manufacturing. 
 
To simulate a running production line, different manufacturing rates are simulated. 
Compared to the static lead time model, there is a major reduction of the lead time. In 
the dynamic lead time model, four different scenarios are simulated. First, the 
manufacturing of one stiffener package is simulated. Afterwards, the manufacturing of 
three stiffener packages is simulated. This proceeding is also done for a manufacturing 
rate of five and seven stiffener sets (Figure 38).  
 
 
Figure 38: Lead time of the dynamic simulation model 
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There is an exponential decrease of the lead time per stiffener set with an increasing 
manufacturing rate. The lead time results per stiffener set for a manufacturing rate of 
seven stiffener sets can be used as lead time assumptions in the running pulse line.  
A realistic lead time can be simulated using the dynamic simulation model. The 
process sequence can be optimized. In order to calculate the necessary space, the 
required productions systems, and the link to the products and resources in the overall 
process, it is sufficient to use the static model in Delmia Process Engineer. To adapt 
the results of the dynamic lead time analysis, a factor for the lead time of the stiffener 
manufacturing in the static model is created called matching coefficient (M). This factor 
can be calculated using the results of the static analysis and the results of the dynamic 
analysis. 
 
    
                                      
                                    
  (2.2) 
     0.31 
 
This matching coefficient is applied in the static simulation model for the lead time of 
the stiffener manufacturing process. A serial production of the stiffener package can be 
simulated by this method. It is very important to simulate the processes in a dynamic 
model. There is a large deviation between the static model and the dynamic model. 
Based on the dynamic lead time analysis and the static lead time analysis for the 
capacity, all data for the production line have been simulated. The baseline scenario 
was calculated to create a basis for a comparison with the current state of the art 
processes.  
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2.7 COMPARISON TO THE CURRENT STATE OF THE ART PROCESS 
The current state of the art manufacturing process for wing covers is the production of 
the A350 WUC. The simulation model is focused on a single aisle sized wing. The 
current wing box for a single aisle is a metal box which is not appropriate for a 
comparison in this thesis. Thus, the A350 manufacturing process will be taken for 
comparison to the developed A30X concept. The A350 composite shell has twice the 
dimension of the future A30X wing. Therefore, the simulation results of the developed 
concept and the production data for the A350 cannot be compared without considering 
scaling effects. The A350 process is done at a low production rate, while the A30X 
wing will be manufactured at a four times higher production rate. The process times are 
influenced by the large dimensions of the wing cover of the A350. A scale down of the 
manufacturing processes to single aisle wing cover size has not been performed yet. 
No data for a comparison of the simulation results are available. First analyses have 
been started, but reliable results are not available yet. 
The production time of the current wing cover manufacturing has been analysed to 
identify the key driver as shown in Figure 39.  
 
 
Figure 39: Lead time proportion of the A350 processes [57] 
This key-driver analysis is based on current production data. The lead time proportion 
of the single processes compared to the overall lead time for a wing upper cover is 
shown. The processes with the main influence are marked and numbered and will be 
explained in detail. For these processes, a technical comparison between the current 
 
 
 
Investigation of manufacturing part 
 
   57 
state of the art and the developed manufacturing concept will be done. The time 
differences will be identified and described in percentage. The percentages for the 
process steps will be applied to the results of the developed simulation model. The 
production time for the state of the art process in a comparable size is then available. A 
comparison between the current state of the art and the developed manufacturing 
concept is possible.  
 
The preliminary results of the first analysis validate the key driver for the lead time from 
the analysis of the A350 process: 
1. Skin manufacturing 
2. Stringer manufacturing  
3. Vacuum build-up 
4. Curing process 
5. Trimming process 
6. Non-destructive testing  
 
The current production of the A350 is a co-bonding process with two autoclave cycles. 
The shell is cured, and the wet stringers are then bonded to the skin. The main reason 
for a co-bonding process is risk mitigation. Since the production process has already 
been started, the change to a co-curing concept will be highlighted as improvement 
potential. For the future, it is supposable that the process will change to a co-curing 
process with only one curing cycle – wet longitudinal stiffeners will be installed on the 
wet skin. Because of this tendency a co-curing process of A350 will be used in the 
comparison. 
 
1. Skin manufacturing 
The main difference between the developed and the current A350 wing cover 
technologies is the highly integrated structure. In both concepts, the stiffener 
manufacturing is independent of the skin manufacturing. Afterwards, the stiffeners are 
transferred to the skin. In the skin manufacturing, there is no difference in the lay-up 
processes. All research work to accelerate the lay-up rate can be adopted for both 
concepts. The manufacturing effort for both concepts is nearly the same. 
 
2. Stiffener manufacturing 
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The stiffener manufacturing is the main difference between the current state of the art 
concept and the developed solution for the production of highly integrated shells. To 
compare both processes, it is necessary to analyse each process step of the 
developed concept. It has to be determined if there is a similar step in the state of the 
art technology and the differences between them have to be explained. Afterwards, it 
will be possible to make an assumption if the considered process step in the developed 
concept is more or less complicated or even of the same complexity compared with the 
current state of the art process (based on A350). The difference in the manufacturing 
effort and the required process time can be estimated.  
Both concepts are working with the same kind of storage system. The manufacturing of 
highly integrated structures (developed concept) requires the storage of the single 
cores. In the state of the art manufacturing process, curing tools for the longitudinal 
stiffeners are required. In a first approach, there is no major difference in the 
manufacturing effort between both concepts. The curing tools and cores will have the 
same weight of approximately 20kg. The developed production concept and A350 
reference process positioning system are both using a robot to put either the cores to a 
stringer line or the curing tools next to the stringers for the autoclave cycle as shown in 
Figure 40. 
 
 
Figure 40: Positioning system for the developed concept (left) and the state of the art production (right) 
In both processes, the stringers are press-formed. The main difference in the 
respective processes is the laminate thickness. In the developed concept, thinner 
laminate thicknesses are used compared to the A350 reference process. In the press-
forming process, the laminate has to be heated to a defined temperature. The different 
plies have to be slid off in the forming process to avoid wrinkles. Therefore, the 
developed process requires a shorter heat-up time to form the stringers because of the 
thinner laminate. Due to this fact the developed concept has potential to accelerate the 
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process compared to the current A350 manufacturing process. In the lay-up of the 
stringer material, there is no difference of the developed concept and A350 production. 
 
In the transfer process of the stiffener elements on the skin, there is a difference 
between the developed concept and the current state of the art process (A350). In the 
A350 reference concept, the single stringers are turned and integrated on the skin one 
after the other using a turning station. After all stringers have been positioned on the 
skin, the component can be transported to the next station. In the developed 
manufacturing process for highly integrated shells, all stringers are combined first. The 
already combined stringer package is then transferred to the skin in one step using a 
large turning station.  
The curing mould and skin are required during the stiffener installation process. In the 
developed concept, all stringers are integrated on the skin in one process step and the 
utilization of resources can be minimized. The curing mould with the shell can directly 
be transported to the next station after the integration of the stiffener elements. In the 
current state of the art concept (A350), the lead time for the stiffener integration is 
longer. The stringers are integrated step by step on the skin. The curing mould is used 
during the complete turning process and cannot be used for other processes. The 
developed concept provides advantages in the process time but also disadvantages in 
the investment costs for the massive turning station. 
According to the fact, that the A350 process does not require a draping station, it is 
obvious that there is extra effort in cost and process time for the developed concept. In 
the current state of the art manufacturing, the transversal stiffeners are integrated 
afterwards. In the developed manufacturing concept, the transversal stiffeners are 
manufactured using the cores. They are moved into the draping cell by a transport 
system. This system stops to allow the core to be elevated to a draping system. 
Afterwards, the prepreg is draped around the core. Once draped, the plates slide 
outwards and the core slots into the chain to return to its original position. This process 
is one of the main differences between the current state of the art and manufacturing 
concept of highly integrated structures. In the A350 reference process no transversal 
stiffener are manufactured and no single core are required.  
In the current process, gusset fillers are only required in the T-stringer manufacturing. 
The same technology can be used to integrate the gusset filler between the stringers in 
the developed concept. Compared to the state of the art process a second gusset filler 
integration process is required for the developed concept to manufacture highly 
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integrated shells. After the cores have been combined, gusset filler have to be installed 
between the cores.  
 
Conclusion for the stiffener manufacturing  
The stiffener manufacturing includes the processes from the transport of the undraped 
core to the combination and integration of the stiffener to the skin. With regard to the 
analysis, it can be assumed that the process time for the overall stiffener manufacturing 
of the developed concept is approximately 20% higher compared to the current state of 
the art process. 
The manufacturing of the stringer elements requires nearly the same effort. The main 
additional manufacturing effort of the developed concept is the manufacturing of the 
core elements and the installation to a stringer line. The effort of the core 
manufacturing and the installation of the gusset filler are around 25% of the overall lead 
time for stiffener manufacturing as shown in Figure 41. 
 
Figure 41: Stiffener manufacturing processes 
The forming process of the stringer including the heat-up of the material accounts for 
more than 15% of the process time of the complete stiffener manufacturing. Because of 
the savings of the heat-up time for the stringer press-forming process, there is a 
process time saving potential in the developed concept compared to the A350 
reference process. In a first assumption, it is estimated that the advantages regarding 
the heat-up time of the developed concept provides 33% saving potential in this 
production step. Regarding the advantages of the developed concept and the extra 
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effort in the core manufacturing, an estimation of the extra effort of the overall process 
can be done. Compared to the overall lead time of the stiffener manufacturing in the 
current state of the art process, the effort of the developed concept is estimated to be 
20% higher. 
 
3. Vacuum build-up 
A vacuum bag is applied before the curing process. It has three main functions: 
separating, sealing, and evacuating. In a common vacuum build-up, three layers are 
applied: a release foil, a breather, and a vacuum foil. The release foil is mainly applied 
to separate the air weave from the prepreg. The breather is permeable to air. Breather 
materials enable a constant evacuation of the air from the laminate. Finally, a bagging 
film is applied to the component as a third layer. Foil and curing tool are sealed with 
double-faced adhesive tape. The bagging foils are draped over complex structures. It is 
necessary to lay-up wrinkles to avoid strains within the foil, 
For the A350 process, the longitudinal stiffeners are integrated on the skin. Currently 
the skin is already cured when installing the stiffeners and doing the vacuum build-up. 
Cold plates are integrated to support the geometry of the stiffener elements in the 
curing cycle. The vacuum bagging of the state of the art process is shown in Figure 42.  
 
Figure 42: A350 vacuum build-up principle 
There are several cuttings, used to drape the different layers of the vacuum bagging. 
Currently, the vacuum build-up is a highly manual process.  
For highly integrated structures, the effort for the vacuum build-up can be decreased 
compared to the current reference process. During the curing process in the autoclave, 
the cores and the bearing plates will remain. In the developed concept, the bearing 
plates are connected during the autoclave cycle using fixation devices to avoid a 
possible misalignment of the stringer position. Because of the required tooling in the 
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manufacturing concept for highly integrated structures, there is no complex surface for 
the vacuum build-up. The complex geometry of the stiffener elements is compensated 
by the tooling and a nearly flat surface is created on the tooling. No accurate draping of 
the foil is required. This advantage enables a simplified vacuum build-up for the 
developed concept. A similar process for the developed concept is the production of 
the landing flaps of the A380. A comparable situation of the vacuum build-up is done in 
this existing process. Based on the analysis of this existing reference process, process 
times for the developed concept can be estimated. A process time saving potential of 
55% for the manufacturing of highly integrated structures (developed concept) 
compared to the state of the art shell manufacturing process (A350) can be assumed. 
 
4. Curing process 
The main difference in the curing process between the developed concept and the 
current A350 state of the art process is the thermal mass of the cores. The cores are 
required to manufacture the highly integrated structure. They have to support the 
stiffener structure in the curing process. In the curing process, a constant temperature 
gradient is required. The additional mass of the cores causes to slower heating and 
cooling rates in the autoclave. Generally, the heating rate depends on the coldest 
thermocouple. The cooling rate depends on the hottest thermocouple. The higher 
thermal mass of the cores influences the variation range of the thermocouples.  
In a comparison of the process times, the influence of the high thermal mass of the 
cores of the highly integrated structure has to be analysed. Two reference processes 
have been defined.  
The A350 process is not suitable for a comparison. Currently, two autoclave cycles are 
performed due to risk mitigation. In this thesis, it is assumed that only one curing cycle 
is used in the current state of the art process. Therefore, the A330-200 autoclave cycle 
is used as a reference process for the current state of the art process. In the A330-200 
process, cured stringers are co-bonded on the wet skin. The documentation of the 
curing cycle is shown in Figure 43. 
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Figure 43: Documentation of A330-200 curing cycle 
The temperature curve of the different thermocouples is shown. Every single 
thermocouple is shown in a different colour. The red line shows the pressure 
distribution in the autoclave. The variation range of the different thermocouples is very 
small. As long as no pressure is applied, the heat-up rate is 0.56 °C/min. During the 
pressure application in the autoclave, the heat-up rate is increased to 1°C/min. The 
cool down rate in the process is 0.55°/min. 
 
As second reference process for the developed concept with the cores, the 
manufacturing concept of the A380 flaps is used. In this process, large aluminium 
cores are used for a co-curing process of stringer elements to the skin and the 
influence of the high thermal mass can be analysed. These long aluminum cores can 
be used in the A380 process because no rib attachment angles need to be integrated. 
As Figure 44 shows, there is a high variation range of the thermocouples in this 
autoclave cycle. This is reasoned by the thermal mass of the cores. The high thermal 
mass leads to different temperatures at each thermocouple. It cannot be assured that 
all points reach the dedicated temperature at the same time.  
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Figure 44: A380 flaps autoclave cycle 
The heat-up rate of this cycle is 0.35°/min when no pressure is applied. During the 
pressure application, the heat-up rate increases to 0.59°/min. The cool down rate is 
0.46°/min. To compare the autoclave cycle of the developed concept to the state of the 
art process, a model is created. The influence on the lead time is analysed by the 
identified cooling and heating rates.  
 
Based on this reference processes, the input data for the developed concept and the 
A350 reference process are defined. The data from the A380 flap curing cycle are used 
for the developed concept. The data from the A330-200 curing cycle are used for the 
current state of the art process (A350 technology).  
The autoclave cycle of the A350 process is calculated with heating rates of 0.6°C/min 
and 1°C/min and a cooling rate of 0.6°C/min with regard to the differential structured 
autoclave cycle. The process for highly integrated structures is calculated with heating 
rates of 0.4°C/min and 0.6°C/min. A cooling rate of 0.5°C/min is assumed with regard 
to the modular structure.  
 
The used temperatures in this model are: 
 Starting point at 23°C which corresponds to the room temperature. 
 Curing at 180°C which is a common temperature in autoclave cycles. 
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 Final temperature is 70°C. This is the estimated temperature after the 
cooling process in the autoclave. 
 
The duration of the curing step at 180°C is estimated to be 2h in both cycles. The 
comparison will be stopped, when a cooling temperature of 70°C is achieved. The 
results of this calculation show to a time difference of 2h 17min for the complete curing 
cycle. According to this model the curing cycle for the developed concept is estimated 
to be 27% longer than the autoclave cycle for shells with a low integration level. This 
determines the worst case scenario. In the heating process, hollow cores and hollow 
bearing plates should be used. Heated air can be distributed using these channels. 
This concept has not been proven yet and the impact on the investment cost has to be 
analysed. If this heating concept is successful, there won’t be a difference between the 
state of the art process and the process of the highly integrated structures. In this 
thesis, it is assumed that there is no difference in the curing process.  
 
5. Trimming process 
After the shell has been manufactured, the contours of the shell and the stringers are 
trimmed. Currently the A350 wing cover is trimmed by the water jet cutting technology. 
A water jet cutting process has several advantages compared to a milling process. 
These advantages are [58]: 
 Higher feed rate 
A common milling process has a feed rate of 5mm/s. A water jet cutting 
process can operate with a feed rate of up to 12mm/s. 
 Better quality of the cutting site 
 No thermal influence 
The main elements of a water jet cutting device are the nozzle and the catcher. The 
water is applied to the system using the nozzle, and the catcher destroys the focused 
water jet. The challenges when trimming a highly integrated structure are the stiffener 
elements due to the crossing points of the ribs and the stringers and the additional 
length of the ribs. At the crossing points, the cutting head has to circumvent them 
during the operating process  
In the reference A350 process only the longitudinal stiffeners have to be trimmed. The 
rib attachment angles are installed in a later process step. In the developed concept 
the longitudinal stiffener elements as well as the transversal stiffener elements have to 
be trimmed. 
 
 
 
Investigation of manufacturing part 
 
   66 
For a comparison of the required process time of both concepts, it is necessary to 
analyse the extra work amount for the trimming process because of the integrated rib 
attachment angles for the developed concept. The core dimension is 800 mm by 200 
mm and 200 cores are required. The diagonal length for trimming (DL) is calculated. 
The number of cores (nc) and the width of the core (Wc) are required. There is one 
more rib attachment angle than the number of cores. 
 
  DL = (nc + 1) * Wc    (2.3) 
 
In the develop concept as well as in the current state of the art process the longitudinal 
stiffener elements have to trimmed. The process time for this trimming process is the 
same for both processes and the length of the longitudinal stiffeners (L) is the same. 
The percentage (PL) of the additional stiffener length for the developed concept can 
then be determined.  
 
PL = DL/ L     (2.4) 
 
The additional length of a highly integrated shell compared to a state of the art shell 
with integrated stringers in the same dimension is 25% higher. Additional to this fact 
the cutting device has to stop, circumvent the structure, and start the process again 
because of the crossing points of the stiffener elements. This additional effort has to be 
considered. The effort for the trimming process of the highly integrated shell is 
estimated to be 30% higher compared to the state of the art shell. 
 
6. Non-destructive testing process (NDT) 
One important process in manufacturing is the quality check of the cured and trimmed 
shell. In the current state of the art process, the shell is controlled by ultrasonic NDT. In 
this process, the stringers are tested by a separate ultrasonic head which moves along 
all stringers. For the highly integrated structure, there are a few differences compared 
to the A350 NDT- analysis: 
 
• Additional length of the rib feeds which have to be tested too. 
 There is a higher effort for the highly integrated structure with regard to the 
automated testing and the manual analyse of the data. 
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• The corner areas cannot be tested by an NDT- analysis because of the 
crossing points and the gusset fillers between them. Furthermore, the crossing 
points enhance the lead time because the NDT head has to circumvent them.  
 
For the analysis of the process time difference between the current state of the art 
process and the developed concept several points have to be considered. 
 
• A common NDT- analysis works with a feed of 100mm/s [59]. 
 
• The extra work amount for the highly integrated structure of the developed 
concept is considered. The extra work amount has already been calculated in 
the trimming part. 
 
• Extra time is considered because of the crossing points from transversal and 
longitudinal stiffener. Circumvent movement is required in testing. 
 
The additional effort for the non-destructive testing process of the highly integrated 
structure is estimated to be 30% higher compared to the state of the art shell. In future 
development and design work for highly integrated structures, the quality inspection 
strategy of the crossing points has to be considered. 
 
 
Conclusion 
The key drivers of the manufacturing process lead time were analysed. The difference 
for each process step of the manufacturing of a highly integrated to a state of the art 
process shell was explained and estimated using current production data. For each 
step, the difference in the manufacturing time has been shown in percentage. For the 
developed concept, a process simulation model is available. The different process 
steps have been combined with the results of the simulation model for the highly 
integrated structure. It was then possible to simulate the process time for the state of 
the art manufacturing method. 
 
In Figure 45, the simulation results of the production time for the current state of the art 
and for the new manufacturing concept are shown. The complete production time is 
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classified into the key driver process steps. The most time critical processes are the 
skin manufacturing and the NDT analysis.  
 
Figure 45: Comparison of state of the art shell manufacturing (right) and highly integrated shell manufacturing 
(left) 
Using the identified differences of the processes and the created digital factory, the 
lead time for the current state of the art shell manufacturing and for the manufacturing 
of highly integrated structures can be calculated 
In the developed production line, the additional manufacturing time is 7.75% higher 
compared to the state of the art shell manufacturing (for shells in A320 size).  
 
For future research, the following advices have to be identified.  
 
• In future research work of highly integrated shells, the focus has to be on the 
testing and the trimming processes. An optimal trimming process with the 
current state of the art technologies is not possible. An improvement option 
might be a hybrid process of water jet cutting and traditional milling process. In 
the NDT process, highly integrated structures are a challenge. In the crossing 
points, there is a risk of non-detectable areas. In these areas, no quality 
inspection might be possible. 
• Processes with the highest production risk are the draping and the logistic of 
the core elements. These processes are responsible for the extra 
manufacturing effort in the stiffener production. In this thesis, a technology 
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strategy for the draping has been developed and tested. No complex 
geometries have been considered in this approach. In future research work, it is 
required to design a more flexible draping cell and validate the draping of cores 
with a complex geometry.  
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3. INVESTIGATION OF ASSEMBLY PART 
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3.1 CURRENT ASSEMBLY CONCEPT FOR BOX STRUCTURES  
Composite box structures have been in use for over 30 years in the aircraft sector. In 
this thesis, the assembly of a vertical tail plane box of the current Airbus single aisle 
program is used as the state of the art reference process for the assembly of a box 
structure. The assembly operations for a wing box or a horizontal tail box are slightly 
different. However, the main assembly sequence is the same [23]. The production rate 
of this aircraft program is more than 40 vertical tail planes per month. Because of the 
high production rate, there is a good chance for a business case to change the process 
using a new build concept with an improved assembly. 
The construction of the composite box includes stringers, ties, ribs, front spar, and rear 
spar as shown in Figure 46. All parts are joined using rivet elements. The shell is 
manufactured with co-cured longitudinal stiffeners. These elements are pre-cured T-
profiles. The rear and front spar are monolithic structures with different thicknesses. 
They are stiffened by pre-cured T-stiffeners. In the Single Aisle program, the box is 
stiffened by 11 ribs. The ribs are stiffened carbon fiber prepreg plates. The ribs are 
connected to the shell using rib attachment angles, called ties. The rudder is connected 
to the center box by the rudder hinge arms. The rudder hinge arm brackets are made 
out of aluminum. The leading edge is protecting the antenna at the front of the center 
box [36].  
 
Figure 46: Current design of a VTP Airbus Single Aisle [33] 
At the start of the assembly process of the current VTP center box, the shell is 
prepared for the production line. The shells are delivered from the manufacturing area 
with integrated longitudinal stiffeners. Cured stringers have been integrated in a co-
bonding process on the skin. The shells are set vertically in a shell carrier and the rib 
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attachment angles, called ties, are pressed to the shell. Tooling devices are used to 
position the rib attachment angles. An adhesive material, called shim, is applied on the 
ties. These are pressed against the shell. After the shim material is cured, the ties are 
fixed to the shell. The tooling devices are removed, and the shell is lifted out of the tool. 
Afterwards, the shell is milled. The milling machine defines the contour of the shell and 
the holes for the assembly of the shell to the fuselage are drilled. At the first assembly 
station, the ties are drilled and connect to the skin with Hi-Loks (screwed fastener with 
a transition fit) because only structural bonding is not sufficient for fixation. The riveting 
process is done by an automatic system. The shell is positioned vertically to a 
component carried and fixed with vacuum cups. After the reference process, the robot 
system starts to drill the first hole in the first tie and measures the depth of the hole. 
The depth of the hole is determined and a rivet with a corresponding length is chosen. 
The robot positions the rivet into the hole and sets the collar. Each rib attachment angle 
is installed to the shell using four rivets. 
Next to the drilling and the riveting activities, aluminum rails for lighting protection and 
attachments for craning are installed. After performing these processes, the sub-
assembly process of the shell is finished and the box component assembly can start. 
At the next station, the ribs are positioned and the shells are connected to them from 
both sides using rivets. All interfaces between the ties and the shell have to be 
measured. To equalize the gap sizes, shim material is used. This shimming process is 
time consuming because of the long curing time and the complicated handling 
procedure. 
 
After the first shell is installed to the ribs, the second shell has to be installed. The 
whole box is then turned into a vertical position. The front spar and the rear spar are 
installed. The spars have to be positioned, the tolerances have to be compensated with 
shim material, it has to be cured and drilled, and finally the spars are riveted to the skin. 
The main drilling work is done by an automatic drilling cell. In the assembly process of 
the box, around 6000 fasteners are used [33].  
 
At the next station, the rudder forks and all components for the leading edge are 
installed. Massive jigs are required to secure a proper alignment of the rudder hinge 
axis and for the fixation of the parts in this position. The rudder hinge line is one of the 
key tolerances in the assembly process. The rudder fork assembly is adjusted 
manually to the center box. Shim is applied for tolerance compensation and the parts 
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are fixed with rivets. After the installation of the rudder forks, an automatic system 
reams the holes for the fuselage interface fittings. Load bushes (Connection elements 
to the fuselage) are installed by pressing and adhesive bonding. Finally, the bushes are 
lapped to the final diameter. At the last station, system equipment like electric and 
hydraulic systems is installed and afterwards the rudder is attached.  
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3.2 IMPROVEMENT POTENTIAL OF CURRENT ASSEMBLY PROCESS 
The assembly of composite box structures has to be improved for high production rates 
at a reasonable cost level. Due to the highly integrated shells, a significant reduction of 
assembly effort can be achieved. Positioning processes for the rib attachment angles 
as well as drilling- and riveting operations can be reduced. A detailed analysis of this 
advantage will be shown in the next chapters. Although the current assembly process 
of the box is a well-known process, there are still some major disadvantages.  
 
 
1. Tooling effort and tolerance compensation 
A weakness of the current assembly line is the high jigs and tools effort. One key 
tolerance is the aerodynamic shape of the shell in the assembled composite box. In the 
current assembly concept, the shell is installed in a massive component carrier to avoid 
any deformation of the shell as shown in Figure 47. These carriers are a disadvantage 
in the assembly process regarding tolerances, accessibility and production time. 
However, with the current assembly concept, these massive component carriers are 
mandatory to secure the correct shape of the shell. 
 
Figure 47: Jigs for the shells in the box assembly 
In the current build concept, the shells are installed to the ribs. The stiffness of the shell 
is given by the ribs. Until the shells have been combined with the ribs, they have to be 
supported by accurate component carriers. These component carriers have to be stiff 
enough to guarantee a pressure of 0.04 - 0.06 N/mm2 during a shim process without 
any deformation of the shell. To illustrate the need for these accurate and complex 
component carriers, a stiffened shell has been measured. One composite shell 
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stiffened by co-bonded stringers has been fixed on the top. There is no additional 
support structure for the shell. For the illustration, a wing cover shell with a dimension 
of approximately 30 m by 3 m is used. The shell has been measured with an optical 
measurement device. The data from the measurement process in unsupported 
condition have been compared to the original CAD data of the part. The deviation of 
both measurements is shown in Figure 48. From the nominal geometry of the shell, the 
largest deviation is more than 100mm. The aerodynamic tolerance of a composite box 
for vertical tail planes is +/- 1.5mm.  
 
Figure 48: Measurement results of the shell to show deformations [60] 
The measurement results illustrate the need of an accurate and massive component 
carrier. Composite shells for other box structures are smaller, but their laminate 
thickness is also significantly smaller and thus the composite shell requires an 
additional support structure. To secure the aerodynamic tolerance and to compensate 
the deviation of the shell, large component carriers are required in the assembly 
process. Because of the component carriers, there are a lot of tolerances in the 
assembly process of the box structure. The main influences of the overall tolerance 
chain are shown in Figure 49. 
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Figure 49: Tolerances in the state of the art box assembly 
The first part in the overall tolerance chain is the positioning tolerance of the shell to the 
shell carrier (T1). The shell carrier is positioned on the floor and guided via rails. 
Therefore, the second tolerance is the positoning tolerance of the shell carrier to the 
floor (T2). The shell carrier is positioned to the rib component carrier (T3). The 
component carrier for the ribs is positioned to the ground (T4). The ribs are installed in 
the component carrier (T5). Additionally to the positioning tolerances, there are the 
single part tolerances of the shell (P1) and the rib (P2). All these tolerances are 
combined in the composite box assembly. The overall tolerance chain includes the part 
and the positioning tolerances. All tolerances have to be considered in the overall 
tolerance chain (    ). 
 
                             (3.1) 
 
The assembly of large composite structures is a highly accurate process. In the current 
Airbus gap management policy, gaps larger than 0.3 mm are not allowed. For larger 
gaps, shim material has to be used. In a long tolerance chain, the probability of the use 
of shim material is growing continuously. Shim is a gap filler material. It is used to even 
two different parts which are connected to each other. Using shim material, the tension 
between the connected parts is reduced and gaps are compensated. There are two 
different kinds of materials – liquid shim and hard shim. In most of the time, liquid shim 
material is used because gaps with complex geometries can be compensated. All 
single parts are manufactured with tolerances for instance which are caused by for 
instance shrinking effects or a deviation of the curing tools. On both shells, more than 
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100 ties are installed. Between every rib attachment angle and the corresponding rib, a 
gap management process is required. The curing time for the shim material takes 
currently from 2 hours up to 8 hours, depending on the kind of shim and the 
temperature while curing. The parts have to be fixed during the curing process, such 
that no movement is possible. The shim process proceeds according to the following 
sequence: 
1. Pre-assembly of the parts 
The parts are pre-assembled, and the gap between the parts is measured. If 
the gap is bigger than 0.3 mm, the parts have to be disassembled, and gap filler 
material is required. 
2. Preparation for the shim process 
After the parts are separated, one component is protected with a separating foil. 
The surface of the other component is activated and cleaned.  
3. Application of the shim material 
The shim material is applied on the component with the activated surface. 
4. Assembly of the parts 
The parts are assembled again. The pressure to press the shim material out 
has to be between 0.04-0.06 N/mm2. The parts are fixed in the defined position, 
such that movement shouldn’t be possible. 
5. Curing of the shim material 
The curing time for the shim material takes 2 -8 hours depending on the kind of 
shim material and on the temperature. 
6. Rework of the material 
The components are disassembled after curing. The shim surface on one of the 
components is controlled. No air bladders are allowed. If there is any kind of 
bladder on or damage to the surface, the shim process has to be repeated. The 
separating foil from the other component’s surface is removed, and the surface 
is cleaned and activated. 
7. Final assembly of parts 
The components are assembled again and fixed with rivets. 
 
This time intensive process should be avoided as much as possible in future assembly 
lines. 
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2. Ergonomic problems 
After both shells are positioned to the ribs, the rib attachment angles of the first shell 
are riveted to the ribs. Because of the fact that the rib attachment angles are on the 
inner side of the shells, the accessibility in this process is very poor. There is low 
potential for an automated process and problems for the worker in the manual process 
arise because of this bad accessibility. The gap management, the drilling process, and 
the riveting process have to be performed within this limited accessibility. After the first 
shell is fixed, the other shell is positioned to the ribs. In this second condition, the 
accessibility is really bad because of the closed box which is built by the two shells. 
Access is only given from the top or the underside as shown in Figure 50. These 
ergonomic problems cause an expanded lead time and extra costs for the workers.  
 
 
Figure 50: Accessibility during the box assembly. The shells are positioned to the ribs. 
 
In the next chapter, a different build concept for composite box structures will be 
introduced. Using this new approach, a production line with improved tooling and 
ergonomic conditions will be developed. In a cost and lead time model, using a 
parametric process, a comparison to the state of the art processes will be done. In the 
current assembly process, the rib attachment angles have to positioned, shimmed, 
drilled, and riveted to the shell. In the simulation, a highly integrated shell will be 
considered to show the advantages due to the high integration level in the assembly. 
Additionally, a new assembly process, based on an innovative build concept of 
composite boxes, will be created and simulated. The results of the simulation will show, 
if significant savings are possible. Based on these results, it can be analyzed if the 
additional effort in the manufacturing of a highly integrated shell can be compensated 
in the assembly process.  
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3.3 DESCRIPTION OF FRAME RIB DESIGN 
To improve the current production of composite box structures, a new construction 
technique will be investigated. In this construction, the center box is built in a 
framework design. This design is adopted from a Russian military aircraft, the Ilushin II-
28. For this aircraft, this build concept was used for many years using aluminum for the 
wing and the vertical tail plane [61]. This fact proves the feasibility of this concept. The 
ribs are connected to the shell and to the rudder fork as shown in Figure 51. The load 
introduction from the rudder is done from the rudder hinge line. The ribs are combined 
by shear connections to transfer the force. During a rudder throw, there are torsion 
moments and thus shear forces in the VTP box. The main shear load path is shown in 
red.  
 
Figure 51: Frame rib design of the box [62]. The main shear load path is shown in red. 
In the current box construction technique, the rib is a single part. In the frame rib 
design, the rib is divided into three parts. Frame rib part one, frame rib part two, and a 
shear wedge to combine the ribs. Because of this rib design, the rib part one can be 
assembled on one shell side, the second rib part can be assembled on the second 
shell, and the shells can be combined using the shear wedge. The frame rib concept 
offers the main advantage of providing accessibility during the assembly as the parts 
are mounted prior to box assembly. In the box assembly, only the shear wedges have 
to be installed. The shells are adjusted in a defined position. The tolerance 
compensation is done by a wedge which is installed between both rib parts. The width 
of the rear box depends on the width and on the spring back behavior of the rear spar 
and on the shell thickness. Close manufacturing tolerances will allow reduced 
shimming effort for the rear spar and the rudder hinges. 
The transfer of this build concept for composite box structures was investigated from 
the design point of view in former research projects [24]. Originally, the design in this 
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project was done using a sandwich shell. Hereby, a foam core surrounded by 
composite layers is used to manufacture the shell. The build concept adapted from this 
project is shown in Figure 52. In this thesis, the design of all single parts except the 
shells will be adopted.  
  
 
Figure 52: Build concept of the frame rib with sandwich shells (LH shell not shown) [33] 
The design of the rear spar is a spar in a C-shape. It is manufactured as monolithic 
carbon fiber laminate with various thicknesses according to the occurring stress. The 
connection of the rear spar to the shells is achieved by means of fasteners. At each 
position of the rudder forks, cut-outs are milled into the rear spar. The flange of the fork 
can be connected to the shell using fasteners. The front spar is a flat part built as 
monolithic CFRP laminate. There are fittings at the lower end to introduce the 
transversal loads from the VTP to a section of the fuselage. Laminate thickness is 
adapted to the stress and decreases towards the top end. To ensure repair and 
maintenance access, there are holes milled into the rear and front spars. The first rib of 
the root section is designed as a full rib with a shear web. Instead of using a sandwich 
shell, a highly integrated shell manufactured in a modular build concept (described in 
chapter 2) will be used.  
A new assembly sequence is possible due to the frame rib design and the use of highly 
integrated shells. The gap management problems, the ergonomic problems and the 
massive tooling effort of the current production can be improved.  
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1. The shell is a highly integrated structure with co-cured rib attachment angles 
and stringers. Compared to the current co-bonding shells, no sub-assembly 
step to integrate the rib attachment angles is required. Defined tolerance 
compensation is possible using the shear wedge. 
Because of the changed build concept using the frame rib design, the rib can be 
installed on the shell before the shells are combined. After the rib is installed on 
the shell, the shell has a high stiffness in all directions. Massive component 
carriers are not required anymore to secure the aerodynamic tolerance of the 
shell. Because of the high stiffness, a direct part to part assembly is possible. 
Jigs don’t have to be referenced to each other and a shorter tolerance chain 
can be realized. 
2. The accessibility in all production processes can be improved significantly 
because massive jigs won’t be used. Work within the closed box situation isn’t 
required except of the fixation of the shear wedge. In the current build concept, 
the box is in a closed condition and the fixation of the shell to the rib attachment 
angle is done with a restricted accessibility. 
The scope of this investigation is the major component assembly of the composite 
box. Single part manufacturing, subassembly steps or the installation of equipment 
are not part of this investigation.  
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3.4 CONSTRUCTION AND DEVELOPMENT OF A NEW ASSEMBLY LINE 
An assembly line for the frame rib box structure is currently not available. A simulation 
model of a corresponding assembly line has to be created. As input of to the 
simulation, an industrial assembly line including all processes is required.  
In the new assembly approach, a highly integrated shell with a higher stiffness 
compared to the current shell is used. The ribs are installed on the shell before the 
shells are combined. The pre-assembly of the shell and the ribs will offer a high 
stiffness. The stiffness in the longitudinal direction is established by the stringers; the 
stiffness in the transversal direction is caused by the ribs. Because of this fact, massive 
component carriers are not required to avoid deformation of the shell and a part to part 
assembly can be realized. The requirement of the assembly line is to consider the part 
to part assembly as much as possible. The overall tolerance chain should be 
minimized. Because of less effort in gap management and measurement processes, 
the lead time should be minimized and the quality of the part can be improved. 
 
Based on this requirement, an assembly baseline has been developed and designed. 
The assembly sequence for the new build concept is shown in Figure 53. 
 
 
Figure 53: Assembly sequence for the new assembly line 
The rear spar is pre-assembled with the rudder forks. Meanwhile, the ribs are installed 
on the shells. The pre-assembled shells are installed to the pre-assembled rear spar. 
The shear wedge is positioned and afterwards the front spar and the first rib are 
installed. Following this build philosophy, an assembly line is created.  
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In the first step, the rear spar is pre-assembled with the rudder forks. The developed 
process sequence and the designed tooling of the pre-assembly are shown in Figure 
54. 
 
Figure 54: Process sequence for the pre-assembly of the rear spar 
The main element of the pre-assembly station is a turning table (1 in Figure 54), which 
is adjustable in height to provide the best possible ergonomic situation for a worker. A 
component carrier tool for the spar in installed on the turning table (2 in Figure 54). This 
tool is defined as spar straightening tool. The main task is to guarantee a planar 
position of the spar with a maximal deviation of +/- 0.2mm over the entire length of the 
spar. The spar is installed on the spar straightening tool. The reference is done using 
the pre-drilled transversal load bushes at the fuselage interface area of the spar and a 
reference hole at the tip area. A second component carrier is guided to the station and 
fixed to the spar straightening tool (3 in Figure 54). The rudder forks are installed in the 
second component carrier. The hinge line is defined by the second component carrier. 
Adjustment devices are installed on the turning station for an accurate positioning of 
the rudder brackets to both spar flanges (4 in Figure 54). The tolerances to the spar are 
compensated by a shimming process. Rivets to combine spar and rudder forks are 
installed. The component carrier is turned around and loosened from the turning 
station. The component carrier with the pre-assembled spar, fixed on the spar 
straightening tool, is transported to the next station. 
In a parallel step, the shell is pre-assembled with the frame ribs. All frame ribs are 
milled to their final dimensions and quality checked. The milling machine drills pre-
1. 2.
3. 4.
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holes in the rib with a defined distance to each other. There are two rib installation 
stations in the production line. One station is required for the left hand shell and one 
station for the right hand shell. The designed station is shown in Figure 55. 
 
Figure 55: Station for the rib to shell assembly 
The aerodynamic tolerance of the shell is defined by contour templates. The shell is 
pressed and fixed against these templates using vacuum cups. Clamping devices for 
the installation of the ribs are integrated in the frame of the station. To assure the 
correct positioning of the shell, two shells positioning devices are integrated to the 
station as well. 
The shell is already trimmed and a reference hole at the tip area is integrated. The 
connection to the fuselage is realized by three holes in the shell, called longitudinal 
load bushes (LKB). These holes are pre-drilled by the milling machine. Next to the 
reference holes for the shell positioning, two reference holes for each rib are integrated 
at a defined distance in the rib attachment angles on the shell. The shell is positioned 
into the contour template. The exact positioning is done by an aligning pin to the 
longitudinal load bushes at the fuselage connection area of the shell. At the tip area, 
the shell is positioned using a reference hole. The pin in the station is floating in one 
direction. In the rib installation concept, a shim process is considered as the worst case 
scenario. In the first step, the shell is prepared. The interface areas to the ribs are 
cleaned and activated. The pre-drilled holes in the shell are used as reference points 
for the rib positioning. Therefore, a part to part positioning is possible without 
considering any jig tolerances. Only the single part tolerances have to be considered in 
the tolerance chain. The rib is prepared and bonded to the skin. For the analysis of the 
shim quality and thickness, an ultrasonic non destructive test will be performed.  
Shell positioning 
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Vacuum cups for 
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Steel frame
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The drilling of the rib to the shell can be done with automatic or manual systems. As a 
baseline process, the drilling is done by an automatic drilling unit. The pre-drilled holes 
are the reference for an automatic process or for the installation of a drilling template. 
The rib is riveted to the shell. After this procedure, the work in this assembly process is 
finished, and the shell can be transported to the next station.  
 
At the next station, the pre-assembled shells and the pre-assembled rear spar are 
combined. In the current assembly concept, the shells are installed to the ribs and the 
rear spar is installed in a further step. In this designed process sequence, the shells are 
pre-assembled to the rear spar in one production step. The designed station is shown 
in Figure 56.  
 
Figure 56: Box assembly station 
The pre-assembled rear spar is installed on a component carrier which is installed on 
guide rails. Via the rails the rear spar is transported to the station. The shell carriers 
remain in parking position until the shells are delivered. The shells are delivered to the 
station and pre-positioned using a local crane system. The main element of the station 
is the traverse. This traverse is required to secure the correct width of the final box and 
their perpendicularity. The shell carriers are only required to guide the shell and not for 
the positioning of the shell.  
The shell is positioned to the rear spar using the same reference system as in the rib 
assembly process. The load bushes of the shells are installed on a pin. This tooling 
connects the load bush of the spar with the load bushes of the shells and is called 
Traverse for box 
width
Pre-assembled 
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Shell carrier
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“shell to spar bridge”. Two tolerance systems are combined in this process. At the tip 
area, a reference pin is installed to the shells. The height of the pin system is 
referenced to the rear spar. This reference tool guarantees the correct height of the 
shells for the following positioning of the front spar. The rear spar is the master 
reference system in this assembly concept. The fixation of the shells is shown in Figure 
57. 
 
Figure 57: Shell installation concept for the box assembly 
 
The shell is pressed against the contour template which is integrated on the traverse (1 
in Figure 57). The shell is clamped to the contour template using the inner clamp such 
that the nominal box width and the perpendicularity of the box are ensured and 
maintained for the next assembly steps. In the rear spar area, the shell is clamped to 
the rear spar. At this assembly step, only the single part tolerances and the accuracy of 
the shell to spar bridge tool have to be considered.  
A rear spar clamping system integrated to the component carrier is used for this 
operation (2 in Figure 57). The rear spar clamps on the component carrier are moved 
up to establish contact to the rear spar. After the position of the clamps is adjusted, the 
shell carrier is released, and the shell is clamped to the rear spar. The flange of the 
rear spar is pressed against the shell, which is fixed with to the vacuum cups. On the 
one hand, the rear spar clamps are required to create the necessary shim pressure 
1.
2.
Contour template
Shell
Inner clamp
Shell
Rear spar
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and to minimize possible gaps. On the other hand, a deformation of the rear spar 
flange during the shim process can be avoided. 
When the shells are in the defined position, each shell will be grabbed with vacuum 
cups. The shell positions are secured by the reference tools and not by the shell 
carrier. The shell carrier system is only used as guiding system. The contour templates 
on the traverse are clipped off and the shells can be separated to allow access to the 
rear spar pre-assembly and to the inner sides of the shells. This movement process 
can be done in parallel for both shells.  
If a shim process is required, the shim material will be applied and the shells will be 
positioned in the already explained procedure. The shim is cured. Meanwhile, the 
shear wedge is positioned between the corresponding ribs and shimmed from one side 
to the frame ribs. After the shim is cured, the shells are removed. The quality and the 
thickness of the shim material are checked and the part surfaces are cleaned and 
activated. Sealant material is applied and the shells are installed in the same way as 
before. When the shells are in the final position again, drilling templates are adjusted 
and the reference rivets are drilled. The drilling templates are referenced in height by 
the rear spar. The drilling templates are installed using pins through holes in the 
clamping devices. By this procedure, it can be secured that the correct height of the 
template in reference to the rear spar and to the shell is realized. The width of the 
drilling template is adjusted using the rudder brackets as reference elements. 
In the baseline scenario, it is planned to install around 15% of the required rivets 
connecting shell and rear spar at this station. The shear wedge is finally drilled and 
riveted. The remaining 85% of drilling and riveting operations are done at a next station 
using an automatic drilling and riveting unit. At this station, only the rivets to retain the 
assembly situation and the reference rivets for the automatic drilling and riveting unit 
are installed. The rivets are installed through the drilling templates. The shear wedge, 
which is already installed to one side of the frame rib, is drilled and riveted. 
In order to avoid an overturning of the box, after the traverse is removed, fixation tools 
are attached to the component carrier. One is installed on the fuselage interface side of 
the box; another is at the tip area of the box. After the installation of these devices, all 
clamps are removed and the component carrier supporting the box is transported via 
the guide rails to the next station. 
At an automated drilling unit, the remaining rivets are installed in a fully automated 
process. After quality control, the component carrier supporting the box is transported 
to the next station on the guide rails. 
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After the pre-assembled rear spar, the pre-assembled shells, and the shear wedge are 
combined, the front spar and the first rib have to be installed. The composite box 
structure is grabbed from one side using a frame with vacuum cups. Up to this station, 
the component carrier has been lifting the total weight. The spar reference tool on the 
component carrier is loosened and removed. Afterwards, the rib attachment angle for 
the first rib can be installed on the rear spar in reference to the rib attachment angles 
on the shell. The pre-drilled front spar is positioned on and pinned to the shells in a 
parallel process on the shells. The pilot holes on the front spar are transferred to the 
shell. Afterwards, the fixations of the rudder forks on the component carrier are 
loosened and the component carrier can be removed. The box is grabbed at the load 
bushes of both shells by a new component carrier with an integrated turning station. 
The box is turned to the side and manual rework process steps can be performed. The 
last rib attachment angle of the first rib is installed on the front spar and the rivets in the 
front spar are installed. The assembled box is transported to a drilling center and the 
load bushes are reamed to their final diameter. After this step, the major component 
assembly of the box is finished and the system installation can be started. 
 
The new assembly line based on the new construction technique has major 
advantages compared to the current assembly line. At the pre-assembly stations, a 
perfect accessibility and an ergonomically position for a worker is provided. The turning 
of the box is required to allow accessibility for the riveting the front spar and the rib 
attachment angles. 
The only critical process is the assembly of the shear wedge. There is a restricted 
access between both shells. Therefore, it is necessary to investigate the accessibility of 
the installation process of the shear wedge for this assembly situation. The manual 
installation of the shear wedge is dependent on the working space between the two 
shells. As the working space narrows towards the edge of the VTP because of the 
tailored shape, an installation becomes more difficult. The wedge is positioned 
between both frame ribs. The most critical situation is the process in the area of rib 8 
because of the small distance between the shells. An analysis of accessibility in this 
area has been performed to ensure the feasibility of the assembly concept, using the 
software CatiaV5R18. 
  
The mannequin model is a 50th percentile American male with a height of 1.76m 
Drilling is done by angle drills due to the narrowness of the shear ribs. One quarter inch 
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holes have to be drilled through the flanges of the ribs and the shear wedge. Six holes, 
three on each side of a flange, are drilled. The estimated length of the drill bit is 30mm. 
With the results of the analysis, the feasibility of the shear wedge installation could be 
validated as shown in Figure 58. 
 
Figure 58: Simulation of the shear wedge installation process 
 
The shear wedge positioning process is complicated due to the limited accessibility, but 
the process can be performed. The restricted accesses for these processes have to be 
considered in the work time estimation. Compared to the current assembly line, only 42 
rivets (seven ribs, each with six required rivets) have to be installed in this assembly 
condition. 
 
The advantages on the tolerance chain and on the ergonomic situation have been 
shown. A part to part assembly is possible and massive component carriers can be 
avoided in the developed concept.  
 
Using this assembly line concept, a simulation of process time and costs is possible to 
show the advantages compared to the current assembly process. A part to part 
assembly is realized in most situations and long tolerance chains are avoided. All 
required process operations are listed and considered in the simulation model. Based 
on this detailed assembly concept, a tolerance analysis can be performed in future 
research work.  
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3.5 COST AND LEAD TIME ANALYSIS 
After an assembly line for this new build concept has been developed, the simulation 
process can be performed. In the developed production line, the work is distributed to 
two automated stations and four manual stations. A lead time and cost simulation 
model is created. All stations and the required processes are described and linked 
using the simulation tool Delmia Process Engineer as shown in Figure 59. The pre-
assembly of the shell with the ribs and the pre-assembly of rear spar are performed in 
parallel processes. Afterwards, all processes are performed in a defined process 
sequence.  
 
 
Figure 59: Simulation of the created assembly line 
For the simulation, a parametric model is created. The design, the material parameters 
are separated from the process parameters. The process parameters are mainly based 
on processes which are currently performed in the running production. The quality of 
the simulation is accurate because of these data. 
In the new build concept, the number of required rivets is not defined. In different 
iteration runs for varied designs and the corresponding stress analyses, the number of 
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required rivets has to be determined. All parameters which are linked to several other 
processes are named as material or design parameters.  
The material and design parameter for the simulation are: 
- Number of rudder brackets 
- Number of ribs per shell 
- Overall number of rivets for rear spar assembly to shell 
- Overall number of rivets for the connection front spar to shells 
- Number of rivets for all ribs and rib attachment angles on one shell 
- Number of rivets for rib attachment angles of the first ribs to the spars 
 
In the assembly process more than 50 process parameters and around 250 single sub-
processes have been defined. One example for a process parameter is the installation 
of a rivet. The installation time of a rivet is depending on the kind of rivet and the 
accessibility. It is much easier to install a rivet into the rear spar instead of installing a 
rivet in the shear wedge. The parameters have been evaluated by the experience of 
the running processes and the estimations of the manufacturing experts. Based on the 
parameters, the first lead time calculation can be done and the required stations can be 
defined.  
 
The accurate estimation and analysis of aircraft assembly times are important for 
process planning, cost control and reducing product development lead times [62]. For 
the lead time analysis, a dynamic model as it has been done for the stiffener 
manufacturing of the shell is not required. All processes are performed on one 
corresponding resource and thus the interaction between processes and the different 
resources don’t have to be considered. The lead time of the complete production line 
can be calculated by a simulation model depending on the process structure. Parallel 
work operations are considered in the lead time simulation. For the estimation of the 
investment costs and the required space for the created assembly line, the number of 
the necessary assembly stations has to be defined. The simulation is done with a 
production rate of 50 aircraft per month. A first simulation run is performed. The 
required working time can be calculated and the utilisation of the different assembly 
stations is determined as shown in Figure 60. 
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Figure 60: Utilization of the different station of the assembly line 
 
Based on the utilisation of the stations, the number of the required resources for this 
production can be calculated. With future line balancing of the processes, the number 
of necessary resources might be reduced. At some stations, time intensive shimming 
processes are required. If the shim material can cure during the night shift, the 
utilisation of these stations can be decreased. At station 2 and station 3, the shell pre-
assembly of one of the two shells is done. These stations have to be duplicated for the 
second shell. Analysing these data, the following resources are required to fulfil the 
production rate: 
 
 3x Station 1 “rudder bracket assembly rear spar” 
 4x Station 2 “rib shell installation” – in Figure 59 only the utilisation of one 
station is shown. In the production line, the left hand and the right hand shell 
have to be considered 
 1x Station 3 “rib to shell drilling and rib riveting” 
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 3x Station 4 “”shell to rear spar” 
 2x Station 5 “Automatic drilling” 
 1x Station 6 ”Part installation vertical” 
 2x Station 7 ”Part installation horizontal” 
 
At stations 1, 2, 6, and 7, the assignment of two workers in assumed. At station 4, four 
employees are working. In the automated stations 3 and 5, no worker is considered. In 
the current assembly line for the VTP, a three shift system at every station is used to 
fulfil the required production rate. In the analysis, only the automated stations 3 and 5 
have a three shift system. The utilisation of the resources of the other stations has 
been calculated based on a two shift system. To show the influence of the different 
shift systems, the calculation of the resources is done again. In the new calculation, all 
stations are assumed to work in a three shift model. The results of this analysis are 
shown in Figure 61. 
 
Figure 61: Utilisation of the different stations of the assembly line, working in a three shift system 
Analysing these results, it is obvious that the utilisation level of the stations has been 
decreased significantly. Based on the developed assembly line, the invest costs and 
the required space for the stations can be estimated. If every station is working in a 
three shift system, more than 20% of the overall investment costs of the production line 
compared to a two shift system for the manual processes can be saved.  
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After creating the assembly line, all process assumptions and the logistic concepts are 
available. Using these results, a detailed cost estimation for different scenarios can be 
done. Based on these results, it is possible to perform a comparison to the current 
state of the art assembly line. 
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3.6 COMPARISON TO STATE OF THE ART PROCESSES 
The production times of the state of the art process have been analysed in detail. The 
analysed process starts with the delivery of the shell and the installation of the rib 
attachment angles and ends with the closure of the box. The required work time and 
the number of required workers for each process are available. In the simulation model 
of the developed concept, the same number of workers has been considered and the 
required work time of both concepts is compared. The simulation results can be 
compared with the current state of the art without any scaling effects. Some processes 
are not affected by the change of the assembly concept. In this case, the current 
process time is adapted for the simulation model. One example for this is the 
installation of the lightning strike protection. 
Based on the simulation using the current assumptions, a work time reduction potential 
of 30% for the entire assembly line has been identified. 40% of the savings are caused 
by using a highly integrated shell: 
 
- A rib attachment angle installation station is not required. 
- Curing time for the shim process is not necessary. 
- Drilling and riveting of the bonded rib attachment angles is not required. 
- Rivets in the longitudinal stiffener don’t have to be installed. 
 
60% of the overall savings are possible due to the new build concept and the changed 
production sequence: 
- Improvement of process times due to better accessibility. 
- Less tooling and positioning steps. 
- Use of heating devices for shim curing because of improved accessibility. 
 
Based on the developed assembly concept and the advantages of the highly integrated 
shell, a significant reduction of the lead time is possible. Current assembly stations can 
be eliminated because of the high integration level of the shell. The massive tooling in 
the production can be substituted by small tooling devices which allow a part to part 
assembly. Additionally the ergonomic situation for the manual workers can be improved 
using the new build concept. The good accessibility allows potential for a higher 
automation level. The constructed resources for the new assembly line can be used for 
a detailed tolerance analysis.  
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4. COMPARISON OF MANUFACTURING AND ASSEMBLY RESULTS  
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4.1 COMPARISON OF MANUFACTURING AND ASSEMBLY RESULTS 
In chapter two, a manufacturing concept for shells with integrated transversal and 
longitudinal stiffeners has been developed and simulated. The analysis and simulation 
were performed for a wing cover in a single aisle size. For a comparison of the results, 
the A350 WUC process was defined as the current state of the art process. The current 
wing box for single aisle is a metal box and is not appropriate for a comparison in this 
thesis. The simulation results of this thesis and the production data for A350 cannot be 
compared without considering scaling effects because of the significant difference in 
sizes of the A350 and the A30X. In other words, without scaling the results may not be 
meaningful. The A350 process is done at a low production rate. The process times are 
influenced by the large dimensions of the wing cover. A scale down of the 
manufacturing processes to single aisle wing cover size has not been performed yet. 
The data for a comparison to the simulation results were not available. Therefore, the 
key driver process steps of the lead time of the A350 WUC process have been 
identified. For each of these process steps, the differences between the A350 
processes and the developed processes were analysed. The difference for each 
process step was shown in percentage. These percentages have been combined with 
the results of the developed simulation model. A reference simulation model for the 
state of the art manufacturing was created by this method. It was identified that 7.75% 
additional manufacturing time and cost, in comparison to the state of the art A350 WUC 
technology are required for the manufacturing of highly integrated structures.  
 
In chapter three, the assembly of box structures was investigated. The lead time 
advantages of highly integrated single parts in the assembly process have been 
evaluated. A new build concept for composite box structures was introduced 
additionally. Although the investigations in chapter two were done for a wing cover, the 
defined reference process for chapter three is the assembly of the vertical tail plane 
box for single aisle. For a single aisle wing size, no suitable reference assembly 
concept for composite box assembly is available. The A350 wing assembly is not 
suitable as a reference process because of the large dimensions and the low 
production rate. The single aisle VTP composite box structure is manufactured at a 
production rate of currently 42 aircraft per month. The demand of the high production 
rate for the A30X wing can be represented by this reference process. Another reason 
for the single aisle VTP assembly as reference process for chapter three is the fact, 
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that a box design in the new build concept (frame rib concept) is available for the SA 
VTP box. The process time was calculated by the simulation model and compared to 
the current production data. Significant process time saving potentials of 40% have 
been identified for the developed assembly line in comparison to the current assembly 
method.  
 
The main research work of this thesis is dealing with a complete production line of box 
structures. Because of the explained circumstances, different cases were used for the 
manufacturing and the assembly analysis. To answer the research question, it is 
necessary to create a basis of comparison. This is done by the definition of 
assumptions. 
 
Assumption 1: The identified savings in the assembly of a single aisle VTP box 
structure can be scaled up 1:1 (a complete scale up) to a single aisle wing box 
size. 
 
The SA VTP box structure defined as reference process in chapter three has a 
dimension of around 6m by 2m. The investigation of the shell in chapter two is based 
on a single aisle wing size of around 17m by 3m. To compare these results, the same 
dimensions of the composite box structure have to be considered. A simple 
downscaling of the manufacturing results is not possible. The shell of a wing box is 
more complex than a shell of a vertical tail plane. The basic assembly operations for 
wing and vertical tail plane are the same. Therefore, the assembly results for the single 
aisle VTP box will be scaled up to single aisle wing size. 
 
 
Assumption 2: The ratio of the process time for the shell manufacturing to the 
lead time of the box assembly within an entire production chain is 60:40. 
 
The ratio between assembly and manufacturing process times regarding the complete 
production chain is required for the comparison. The assembly is a labour intensive 
and time consuming process which accounts for around one third of the total 
manufacturing costs [62]. In another value stream mapping, the ratio between 
manufacturing and assembly costs is declared to be 63:37 [29]. This value chain 
analysis was done for a production of advanced composite structures for aerospace 
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systems based on the prepreg technology. Based on these data, assumption 2 has 
been defined. 
 
 
 Assumption 3: The process time is linked 1:1 (a complete link) to the Opex 
(operating expense) costs. No different cost level of the automatic and the 
manual processes is considered.  
 
The required work amount was calculated in the simulation models. In the comparison 
of assembly and manufacturing, only the operating costs (Opex) were taken into 
account. The Opex costs are the on-going costs when running a product, business, or 
system [64]. The capital expenditure costs (Capex) will not be taken into account at this 
early stage of research. Within the simulation, the number of required resources is 
available. A detailed cost estimation for the invest costd can be done in a further step. 
Due to the high production rate of the A30X, the Opex costs will have a higher 
influence to the overall production costs than the Capex costs. 
  
Using these assumptions and the results of the simulation models, the main question of 
this research can be answered. Is it possible to have an increased technical 
performance compared to the current state of the art production of composite box 
structures on a cost competitive level due to a change of the manufacturing and the 
assembly concepts? Compared to the whole production line, including manufacturing 
and assembly, 12.5% cost savings are identified. In this saving potential, the highly 
integrated shells and the new assembly concept are considered. Without the usage of 
the new build concept, a cost saving potential of 2% compared to the state of the art 
was identified.  
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4.2 DISCUSSION OF RESULTS 
In this research work, a complete production line was simulated. The focus was on the 
creation of a manufacturing and an assembly line and on the simulation of the 
production time. The results show the potential to produce a composite box with highly 
integrated shells on a cost competitive level to the state of the art technologies. 
Because of the early stage of the development, a lot of assumptions and simplification 
had to be done for this study.  
 
The developed manufacturing line was focused on a wing shell. The implementation of 
a composite wing for the next generation of single aisle airplanes is the next step in the 
current Airbus research schedule. Therefore, this research was focused on this use 
case. An implementation of the developed strategy into the current production of 
composite shells is improbable. For VTP and HTP shells with a simplified geometry, 
there is currently no use case for an application of this manufacturing method available. 
For the manufacturing of the complex wing covers, a suitable technology has not been 
identified yet. In the frame of the development work of a composite wing for single aisle 
aircrafts, there is a good change for an implementation of the established 
manufacturing strategy. The research for a natural laminar flow on the wing also 
justifies the realization of this complex manufacturing method. Fasteners on the 
surface, which might disturb the laminar flow on the wing, can be avoided. After a 
successful implementation of the manufacturing of highly integrated wing shells, future 
applications for other composite box shells can be investigated. For a detailed 
comparison to the state of the art technology, a detailed manufacturing simulation 
model is required. For future analyses, it is recommended to perform a validated scale 
down of the A350 process to single aisle size. 
For the simulation of the manufacturing line, a lot of data from the existing production 
line could be adopted. In future investigations, special interest should be paid to two 
specific topics. 
First, the draping concept of the cores has to be developed further. In the frame of this 
thesis, a forming concept was developed and evaluated. The results show the 
feasibility of this process. The forming process has to be investigated in detail and the 
influence of the complex geometry of the cores on the draping process needs to be 
analysed. In cooperation with a professional machine construction company, a draping 
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cell for an industrial application has to be developed. Without this cell, an 
implementation of this concept can’t be realized. 
The second key aspect of activity is an overall process control and quality inspection 
concept. In the simulation model, a defined sequence was programmed. In a possible 
industrial manufacturing line, a smart process control for each core has to be 
developed. One possibility is the use of RFID chips in the single cores. They would 
enable a continuous process control. The process control system should be validated 
in a demonstrator line. A continuous quality inspection is required to detect mistakes in 
the production. Next to the developed manufacturing concept, other possibilities to 
manufacture a highly integrated shell should be investigated. One approach is the use 
of a sandwich shell. 
 
The assembly investigations were done in reference to a vertical tail plane. The 
advantages of the highly integrated single parts were shown. This can also be done for 
the wing shell by updating the process parameters in the model. Due to the new 
assembly strategy, the weaknesses of the current assembly can be eliminated. The 
assembly strategy is applicable to all assembly operations for box structures. The 
developed tooling concept didn’t consider any deformation of the shell after the pre-
assembly of the ribs. These assumptions need to be validated either by calculation or 
by a test setup. A detailed tolerance analysis based on the developed assembly 
strategy and on the developed tooling concept is required. In this thesis, many gap 
compensation processes are considered. The number of these processes might be 
reduced by a validated tolerance analysis.  
The assembly line was created for the manufacturing of a vertical tail plane. In the 
Ilushin II-28, this frame rib concept was also realized for the manufacturing of the wing 
box [61]. The concept has to be transferred and a frame rib design of a wing box has to 
be created. The main build sequence will remain. The assembly model can then be 
updated for this use case. The frame rib concept might also be implemented into a 
current state of the art production. A validation of the structural mechanics and the 
weight impact of a design change need to be analyzed. 
 
The simulation results of the manufacturing and the assembly concepts are combined 
to analyze the entire production line. Because of the different use cases in 
manufacturing and assembly, the results are combined using an assumption. The 
identified savings in the assembly of a single aisle VTP box structure can be scaled up 
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1:1 to a single aisle wing box size. At this early stage of research, the simplifications by 
this assumption are justifiable. For the production of a composite wing for single aisle 
aircrafts, an assembly baseline is required. When the baseline is available, the current 
assembly simulation model should be checked and updated. This assumption can then 
be eliminated by detailed results.  
The ratio of the workload to manufacture a shell to the assembly of the box structure is 
assumed to be 60:40. If more data are available, this ratio will be updated.  
The cost calculation is simplified for this potential analysis. For a successful 
implementation of the production concept, a detailed cost analysis is mandatory. The 
Opex costs have to be calculated by the finance department. The Capex costs have to 
be considered in a business case.  
 
The digital factory and the simulation models are available due to this research and can 
be used for a specific use case. For a specific use case, like the production of a 
composite wing box for the A320 successor, more data will be available. The 
assumptions won’t be required and the results are more accurate. The simulation 
model with the parameters should be updated regularly to investigate the influences of 
future research work. The identified potential of this thesis justifies future research. 
 
 
 
 
 
 
 
 
 
 
Conclusion and Outlook 
 
   103 
5. CONCLUSION AND OUTLOOK 
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5.1 CONCLUSION 
The challenge for the aircraft manufacturers to produce energy efficient airplanes is 
growing with the increasing energy prices. One approach is a natural laminar flow wing 
and a significant reduction of structural weight. For the next decades, an increasing 
demand for aircrafts is forecasted. Composite structures have to be produced at a high 
production rate and on a reasonable cost level in the future. Highly integrated 
composite structures, produced in a co-curing process, offer the highest technical 
performance level to achieve a significant weight saving and they allow the 
manufacturing of structures without any additional fasteners. Nevertheless, the co-
curing concept for highly integrated structures is a complex process which is not 
recommended for high production rates. Currently, there is a trade-off between 
efficiency and productivity. This research was performed to show if it is possible to 
produce highly integrated CFRP structures on a cost competitive basis to the state of 
the art process. 
A prepreg manufacturing concept to produce highly integrated shells was created by 
the German Aerospace Centre. Possible technologies to perform these manufacturing 
steps were collected in a technology matrix. The main focus was set on high quality 
manufacturing technologies for large composite components and on a high production 
rate. The processes were rated by the technology readiness level for the corresponding 
process step. It was shown, that there is still no technology available for the required 
core manufacturing process. Therefore, a concept for this process step was developed 
and evaluated in a test setup. Based on the technology matrix and the test results of 
the core manufacturing, an industrial concept has been developed in a digital factory. 
The simulation model was created as a parametric model. The required assumptions 
for the parametric modeling needed to be sufficiently adaptable for the entire process. 
Using this simulation model, a comparison of the developed concept to the current 
state of the art manufacturing method was performed. It was identified that there are 
7.75% additional manufacturing time and costs in comparison to the state of the art 
manufacturing technology for highly integrated structures. Note, that the current state 
of the art manufacturing technology is represented on a scaled down A350 wing upper 
cover.  
Because of using the high integration level in the single part manufacturing method, the 
number of required assembly operations can be reduced. Additionally, a new build 
concept for box structures is considered. An assembly line based on the new build 
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philosophy and the highly integrated parts is created. A digital factory simulation model 
is created for this developed concept. The simulation model is linked to process 
parameters to allow an easy update of the model. The results are compared to the 
current state of the art assembly line to evaluate the saving potential in the assembly 
obtained by the high integration level of the single parts and by the improved assembly 
line. The state of the art was represented by the assembly process of the A320 vertical 
tail plane. An assembly cost and time reduction potential of 40% was identified. 60% of 
the saving potential is reasoned by the new assembly concept. 40% of the saving 
potential is based on the high integration level of the single parts. 
The assembly and the manufacturing simulations are based on different structures. 
Assumptions for a scaling of the results were defined and the simulation results were 
scaled to a common size to allow a comparison. The analysis of the complete 
production results suggests that the developed combined assembly and manufacturing 
concept provides a potential cost saving of 12.5% in comparison to the state of the art 
production of composite box structures. The results of this thesis also justify the need 
for further research work in the manufacturing of highly integrated structures and 
improved assembly lines.  
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5.2 OUTLOOK ON FUTURE RESEARCH 
In this thesis, a possible production line for highly integrated box structures was 
created. The production cost and time savings compared to the state of the art 
production were shown. It is mandatory to improve the current structures to a higher 
technical performance to save weight and allow the possible use for a laminar wing. A 
continuous improvement of the aircraft structure will consolidate the market leadership 
of Airbus for the next decade.  
The A320 aircraft family is the cash cow of the Airbus group. In this sector, the market 
is dominated by Airbus and Boeing. In the future, more and more companies worldwide 
will discover this market and increase the competition. The Brazilian company Embraer 
launched the E-Jet In 2004. The entry into service of the Superjet 100 from a Russian 
company was in 2011 [64]. Several airplanes will challenge the A320 family in the next 
years like the C-series from Bombardier, the Comac C919, and the Regional Jet from 
Mitsubishi [64]. To secure the leading market position of the A320 family, it is important 
to improve the aircrafts in the future. The next new airplane will be the A30X. The entry 
into service was shifted to 2030. For the current airplanes, improvements are planned 
in four steps with small modifications. An introduction of a composite wing is planned 
for the A320 neo++ in 2025 as shown in Figure 62.  
 
 
Figure 62: Road map for the A320 redesign with neo++ [65] 
In this thesis, the main focus was set on state of the art technologies with a high 
technical readiness level. Most of the technologies that have been used for the 
simulation model have a technology readiness level (TRL) between 6 and 9, except the 
manufacturing of the cores. For the introduction into service of the A320neo++, 
processes with a TRL9 are required. The TRL9 criteria have to be validated in 2020 
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and the TRL6 criteria have to be shown in 2017. To achieve a TRL6, a full scale 
production in an industrial environment has to be validated (Figure 63).  
 
Figure 63: TRL gates for the A320++ [65] 
Within this thesis, a simulation model for a manufacturing line for highly integrated 
CFRP shells has been developed. In the core manufacturing, it is required to improve 
the process to a TRL6 status until 2017. The current TRL of the core draping unit is 
estimated to be between TRL2 and TRL3. The concept of the production line and all 
logistic processes according to the logic of the simulation models has to be validated. 
In the project “EWIMA” (efficient wing manufacturing), the results of this work will be 
used, a demonstrator line is planned, and the core manufacturing process should be 
improved further. Next to this work, other manufacturing strategies beside the prepreg 
process will be investigated. One other manufacturing approach is the use of dry fibers 
combined with an infusion process of skin and stiffener. 
In the assembly of the CFRP shells, the new build process with frame ribs shows 
advantages in assembly time, ergonomic conditions, and potential for a high 
automation. In the research project “Flexmont” (Flexible Box Montagetechnologien), a 
full automated production line is in the development and will be installed in 2015. Within 
this project, a CFRP box structure will be assembled in 1:1 scale [66]. The identified 
advantages of the new frame rib concept and the input of the simulation model can be 
validated. After a successful validation, the next assembly strategy can be adapted for 
other box structures like the horizontal tail plane. 
Using the results of the future research and the available simulation models, a basis for 
the introduction of this production strategy for future composite box structures is 
provided. More energy efficient aircrafts can be realized using highly integrated 
structures. The impact on the environment can be reduced. 
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